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ABSTRACT The orientational order and dynamics of the water molecules in form II crystals of bovine pancreatic trypsin
inhibitor (BPTI) are studied by 2H NMR in the temperature range 6–50°C. From the orientation dependence of the single
crystal quadrupole splitting and linewidth, the principal components of the motionally averaged quadrupole interaction tensor
and the irreducible linewidth components for the orthorhombic crystal are determined. With the aid of water orientations
derived from neutron and x-ray diffraction, it is shown that the NMR data can be accounted for by a small number of highly
ordered crystal waters, some of which have residence times in the microsecond range. Most of these specific hydration sites
must be located at intermolecular contacts. The surface hydration layer that is also present in dilute solution is likely to be only
weakly ordered and would then not contribute significantly to the splitting and linewidth from the protein crystal. To probe
water dynamics on shorter time scales, the 2H longitudinal relaxation dispersion is measured for a polycrystalline BPTI
sample. The observed dispersion is dominated by rapidly exchanging deuterons in protein side chains, undergoing restricted
rotational motions on a time scale of 10 ns.

INTRODUCTION

Our understanding of protein structure and dynamics is
largely derived from two experimental techniques: x-ray/
neutron diffraction and nuclear magnetic resonance. Any
attempt to compare results from these techniques faces the
problem that diffraction data pertain to protein molecules
densely packed into a crystal lattice, whereas NMR data
usually refer to effectively isolated protein molecules in a
dilute (mM) aqueous solution. Because the water content of
the crystal is often below what is required for uniform
monolayer coverage, at least for small proteins (Matthews,
1968; Islam and Weaver, 1990), crystal packing interactions
may substantially alter the structure, dynamics, and solva-
tion of the protein surface. Water-mediated protein interac-
tions are also crucial for crystal stability (Frey, 1994;
Nagendra et al., 1998).

Diffraction data have provided a wealth of information
about the spatial distribution of water molecules in and
around proteins in the crystal lattice (Baker, 1995), and two
complementary NMR techniques, magnetic relaxation dis-
persion (MRD) (Halle et al., 1999) and nuclear Overhauser
effect (NOE) spectroscopy (Otting, 1997), have been used
to characterize the dynamics of hydration water for proteins
in solution. To date, both diffraction and NMR techniques
have provided more detailed and reliable information about
internal (buried) water molecules than about the surface

hydration of proteins. The thermal B factors obtained from
diffraction data reflect positional order, but little is known
about the orientational order of water molecules at protein
surfaces. Orientational order parameters have been deter-
mined for internal water molecules by relaxation dispersion
measurements (Denisov et al., 1997) and for surface water
in clays and amphiphilic liquid crystals by solid-state NMR
(Halle and Wennerström, 1981). Another unresolved aspect
of protein hydration concerns the residence times of water
molecules at hydration sites on the surface. Both MRD and
NOE studies indicate subnanosecond residence times at
exposed surface sites (Denisov and Halle, 1996; Iwai et al.,
1998), but the small crystallographic B factors for many
such sites suggest highly localized water molecules (Baker,
1995). These findings are not necessarily incompatible (Ed-
sall and McKenzie, 1983), inasmuch as the dynamic and
structural aspects reflect complementary regions of config-
urational space: B factors sample the most probable config-
urations, whereas residence times are governed by improb-
able configurations (barriers or saddle points on the
potential-of-mean-force hypersurface). Yet it is not incon-
ceivable that surface waters are more long-lived in the
crystal than in solution. In particular, water molecules re-
siding in cavities or deep pockets created by crystal contacts
may have residence times comparable to those of internal
water molecules.

In the present study, we use solid-state NMR to assess the
orientational order and dynamics of surface hydration in a
protein crystal. Specifically, we record the orientation de-
pendence of the quadrupole splitting and linewidth in the
water 2H spectrum from a single crystal of bovine pancre-
atic trypsin inhibitor (BPTI) in the temperature range
6–50°C. The first water NMR studies of protein crystals
used the 1H isotope (Krüger and Helcké, 1967; Hsi et al.,
1976; Bryant et al., 1982). Because of complications with
intermolecular cross-relaxation (Hsi and Bryant, 1977) and
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proton-exchange averaging of the dipolar splitting (Lauter-
bur et al., 1978), the 2H isotope has been favored in later
work (Lauterbur et al., 1978; Borah and Bryant, 1982; Usha
and Wittebort, 1989; Usha et al., 1991). The present study
goes further in several respects. We have determined the
principal components of the motionally averaged quadru-
pole interaction tensor from the orientation dependence of
the 2H quadrupole splitting from a single crystal, with the
crystal axes identified by x-ray diffraction. We have also
determined the irreducible linewidth components of the
orthorhombic crystal from the orientation dependence of the
linewidth. These model-independent results were analyzed
with the aid of the jointly refined x-ray/neutron structure of
BPTI, which provides orientations for 63 of the 160 crystal
waters. The analysis indicates that the quadrupole splitting
is due to a small number of highly ordered crystal waters,
most of which are probably located at intermolecular con-
tacts. A subset of these ordered water molecules may have
residence times in the microsecond range and can then
account for the large orientation-dependent 2H linewidth.
Most water molecules in contact with the protein surface are
probably weakly ordered, but their contributions to the
quadrupole splitting tend to cancel out because of fast
exchange within a nearly isotropic distribution of hydration
sites. Finally, we measured the 2H relaxation dispersion in
the range 2–55 MHz from polycrystalline BPTI. We con-
clude that the longitudinal relaxation rate is dominated by
labile BPTI deuterons and that the rotational motion of the
majority of crystal waters is slower than in bulk water by
less than an order of magnitude. The physical properties of
water in protein crystals as studied here are of interest not
only as they relate to protein hydration under physiological
solution conditions, but also in connection with crystal
enzymology (Makinen and Fink, 1977; Mozzarelli and
Rossi, 1996) and relaxation-based contrast in magnetic res-
onance imaging.

MATERIALS AND METHODS

Protein crystals

BPTI, generously supplied by Novo Nordisk A/S (Gentofte, Denmark),
was dialyzed (3.5-kDa cutoff) against deionized, double-distilled water and
then lyophilized. Form II crystals of BPTI were grown in D2O (�99.8
atom% D), essentially as described previously (Walter and Huber, 1983;
Wlodawer et al., 1984). A 100 mg ml�1 solution of purified BPTI in D2O
was mixed with 0.5 M potassium phosphate buffer (in D2O) of pH* 9.5
(uncorrected meter reading) in a volume ratio of 5:2. This solution was left
in a sealed container together with a buffer reservoir (5–10 times the
volume of the crystallization solution). After 2–3 weeks, many small
crystals of tetragonal bipyramidal shape were observed in the crystalliza-
tion solution. These crystals were used for polycrystalline NMR samples.

Large single crystals for orientation-dependent NMR experiments were
grown by the macroseeding technique. A crystallization solution prepared
as described above was filtered (0.22 �m) to minimize heterogeneous
nucleation by dust particles (Blow et al., 1994) and allowed to equilibrate
for 4 days in a sealed container in the presence of excess buffer. The
crystallization solution was then seeded with crystals that were washed in
buffer after being taken from the first batch. After �6 weeks, these crystals
had grown to suitable size, typically 4 � 3 � 1 mm3.

Several crystals prepared in this way were examined by x-ray diffrac-
tion on a Rigaku RU200BEH rotating Cu anode diffractometer operating at
45 kV and 90 mA with a focus of 0.3 � 0.3 mm. Diffraction patterns were
collected with a Siemens X1000 area detector system and evaluated with
the programs XDS and SADIE (Siemens software). The crystals were
found to belong to the orthorhombic space group P212121, with lattice
constants a � 74.2 Å, b � 23.4 Å, and c � 28.9 Å, as expected for crystal
form II (Walter and Huber, 1983; Wlodawer et al., 1984). This x-ray
analysis also established the orientation of the principal axes: the c-axis is
along the longest dimension, and the b-axis is along the shortest dimension
of the crystal.

NMR measurements

Deuteron (2H) NMR spectra from a single crystal of BPTI were recorded
as a function of the orientation of the crystal with respect to the magnetic
field. The crystal was allowed to dry on a filter paper for a few minutes and
was then mounted (with the aid of Parafilm) in a close-fitting cylindrical
bore drilled through the center of a Teflon cube, with the crystallographic
axes approximately aligned with the cube axes. The Teflon cube was then
inserted in a tight-fitting NMR tube with an attached goniometer arrange-
ment (2° accuracy). By rotating the NMR tube around its axis (perpendic-
ular to the magnetic field), the crystal could thus be rotated around any of
the three crystal axes, depending on how the cube was inserted in the tube.

To prevent the single crystal from drying and fracturing (Borah and
Bryant, 1982) during the course of the experiment, a filter paper saturated
with mother liquor was placed inside the NMR tube, well removed from
the RF coil. Crystals mounted in this way remained stable and gave
reproducible spectra over a period of several weeks. The spectra were also
reproducible after extensive sample rotation, change of rotation axis, and
temperature variation, showing that the crystal did not move during these
manipulations and did not dehydrate, even at 50°C.

NMR spectra were recorded on a Bruker DMX-200 spectrometer
equipped with high-power accessories for experiments on solids. The 90°
pulse length was �5 �s. Both a quadrupolar echo sequence, with a pulse
delay of 25 �s, and single pulse excitation with similar acquisition delay
were used. Typically, 4000 transients were averaged. Quadrupolar echo
and single pulse spectra did not differ significantly, and both were inde-
pendent of delay time (25–200 �s), showing that slow-motion effects on
the lineshape are unimportant (Spiess and Sillescu, 1981; Wittebort et al.,
1987). The reported single crystal data were obtained from single pulse
spectra. Powder spectra covering the broad spectral component due to
slowly exchanging deuterons were recorded on the same spectrometer,
using a 5-mm probe with a 3-�s 90° pulse. Orientation-dependent single
crystal lineshapes were recorded at three temperatures, 6°C, 27°C, and
50°C, using a gas flow temperature controller with 0.5°C accuracy and
0.1°C stability.

2H longitudinal relaxation time measurements on polycrystalline sam-
ples were carried out in the frequency range 2–55 MHz, using Nicolet 360,
Bruker DMX-200, DMX-100, and MSL spectrometers. The pulse sequence
consisted of a 180° inversion pulse, followed, after a variable evolution
time, by a quadrupolar echo detection sequence. All inversion recovery
curves were single-exponential within the experimental accuracy.

RESULTS

Polycrystalline samples

Fig. 1 shows the 2H NMR spectrum from a polycrystalline
sample of crystal form II of BPTI. As previously observed
for other proteins (Usha and Wittebort, 1989; Usha et al.,
1991), the spectrum consists of a broad, weakly biaxial
powder lineshape superimposed on a narrow component
with an unresolved powder lineshape. The broad component
is due to slowly exchanging deuterons in peptide groups and
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side chains of the protein and in a few trapped water
molecules (see below), and the narrow component is due to
the majority of the crystal waters, exchanging on a submi-
crosecond time scale (Usha and Wittebort, 1989; Usha et al.,
1991). Quantitative intensity measurements were not at-
tempted, but a crude estimate is consistent with the expected
25% of slowly exchanging deuterons (see below). Because
we are primarily interested in the crystal water, we focus on
the narrow component. To observe the splitting of this
component, however, it is necessary to use a single crystal.

Orientation-dependent quadrupole splitting

Fig. 2 shows typical 2H NMR spectra from a form II single
crystal of BPTI. As expected for a spin-1 nucleus in an
anisotropic system (Abragam, 1961), the spectrum is a
symmetrical doublet of Lorentzian lines. This quadrupole
doublet is due to water molecules exchanging among the
different hydration sites in the crystal on a submicrosecond
time scale (see Discussion).

The spectra in Fig. 1 also contain a sharp central line, as
previously observed in 2H spectra from a single crystal of
lysozyme and then attributed to water in the interstitial
spaces of the crystal, sufficiently removed from the ordering
influence of the protein surface (Borah and Bryant, 1982).
This explanation, however, requires the exchange between
interstitial water and ordered water (responsible for the
doublet) to be slower than milliseconds (the inverse of the
splitting), otherwise the isotropic fraction would simply
reduce the magnitude of the splitting. Such slow exchange
is not consistent with the current understanding of protein
hydration dynamics (Halle, 1999). Instead, we attribute the
central line to water adsorbed on macroscopic surfaces, i.e.,
on the inside of the NMR tube, on the surfaces of the Teflon
cube, on the Parafilm used to mount the crystal, and on the
crystal itself. This explanation is consistent with the absence
of an isotropic peak in 2H spectra from polycrystalline
protein samples and with the finding that the isotropic peak
disappears below the freezing point of bulk water (Borah

and Bryant, 1982), whereas the motionally averaged powder
lineshape from crystal water disappears gradually and
reaches the rigid-lattice limit only below 200 K (Usha and
Wittebort, 1989; Usha et al., 1991). When examined in
detail, the central line was found to have a weakly orienta-
tion-dependent fine structure, presumably reflecting mag-
netic field inhomogeneity and susceptibility effects.

The quadrupole doublet is fully characterized by two
parameters: the quadrupole splitting, �Q, and the homoge-
neous linewidth, ��. When the splitting is large compared
to the linewidth, these parameters can be obtained directly
as the frequency separation of the two peaks and the half-
amplitude width of either peak, respectively. When the
doublet peaks overlap (as in the 60° and 90° orientations of
Fig. 2), accurate estimation of �Q and �� requires a line-
shape analysis. All reported �Q and �� values were obtained

FIGURE 1 2H NMR spectrum from a polycrystalline sample of form II
crystals of BPTI at pH* 9.5 and 27°C. The inset shows the narrow central
line on an expanded frequency scale.

FIGURE 2 2H NMR spectra from a form II single crystal of BPTI at pH*
9.5 and 27°C. The rotation angle, �, around crystal axis c (configuration I)
is indicated. The curves were obtained from fits to a symmetrical doublet
plus a Lorentzian central line.
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by fitting a superposition of a symmetrical doublet (two
parameters) and a Lorentzian line (three parameters: width,
offset, and relative weight) to the experimental spectra. The
fact that the central line is not strictly Lorentzian had no
significant effect on the relevant parameters �Q and ��. The
curves in Fig. 2 resulted from such fits.

The single crystal quadrupole splitting �Q is proportional
to the component of the quadrupole interaction tensor along
the static magnetic field and therefore depends on the ori-
entation of the crystal with respect to the field as seen in Fig.
3. By measuring the splitting as a function of crystal orien-
tation, the principal components of the motionally averaged
quadrupole tensor can be determined. For an orthorhombic
crystal like the present one, the principal axis system of this

tensor must coincide with the crystallographic axes. The
principal components are therefore denoted �aa, �bb, and �cc.
Because the quadrupole tensor is traceless, only two com-
ponents are independent. These components were deter-
mined by recording �Q as a function of the rotation angle �
in two configurations: (I) rotation around the c-axis with the
b-axis parallel to the magnetic field at � � 0, and (II)
rotation around the b-axis with the c-axis parallel to the
magnetic field at � � 0. For these configurations,

�Q
I ��	 � sin2� �aa � cos2� �bb (1a)

�Q
II��	 � sin2� �aa � cos2� �cc

� �cos�2�	 �aa � cos2� �bb (1b)

In practice, it is not possible to perfectly align the crystal
with the goniometer cube (see Materials and Methods). We
therefore performed the transformation from the laboratory
frame (defined by the magnetic field) to the crystal frame in
two steps, via the cube frame. This introduces a set of three
Euler angles, (�
, �
, 	
), which bring the crystal frame into
coincidence with the cube frame (Brink and Satchler, 1968).
When �
 is small, the angular coefficients essentially de-
pend on �
 � 	
, so we can set 	
 � 0. The four indepen-
dent parameters �aa, �bb, �
, and �
 were determined by
simultaneous fits to the experimental �Q(�) data for the two
configurations I and II. The resulting fits are shown in Fig.
3, and the parameter values are collected in Table 1. It is
seen that the misorientation angles �
 and �
 are indeed
small.

Orientation-dependent linewidth

As shown in Fig. 4, the linewidth �� depends on the
orientation of the crystal with respect to the magnetic field.
As for the quadrupole splitting, the mathematical form of
this orientation dependence follows directly from the rota-
tional symmetry of the crystal (Gustafsson and Halle, 1993).
The orientation dependence can therefore be analyzed in a
model-independent way, without invoking a dynamic model
for the transverse relaxation that determines the homoge-
neous linewidth. (The invariance of the lineshape with re-

FIGURE 3 2H quadrupole splitting from a form II single crystal of BPTI
at pH* 9.5 and the indicated temperature. The angle, �, refers to rotation
around crystal axis c (configuration I, F) or to rotation around crystal axis
b (configuration II, E). The curves resulted from fits to all data at a given
temperature; the resulting parameter values are given in Table 1.

TABLE 1 Parameter values derived from fits to
orientation-dependent 2H lineshapes from a form II
single crystal of BPTI at pH* 9.5

6°C 27°C 50°C

�aa (kHz)* �2.29 � 0.02 �1.71 � 0.03 �4.05 � 0.04
�bb (kHz)* 2.50 � 0.03 2.48 � 0.03 3.34 � 0.03
�
 (deg.) 5.0 � 0.4 �0.1 � 0.5 1.9 � 0.4
�
 (deg.) �0.3 � 0.6 �4 � 8 �0.9 � 0.5
��A1(00)

(Hz) 268 � 10 328 � 10 389 � 10
��A1(20)

(Hz) 20 � 8 �68 � 6 �131 � 15
��A1(22)

(Hz) 310 � 9 344 � 8 533 � 10
��B1

(Hz) 446 � 28 531 � 16 865 � 44
3��B2

� ��B3
(Hz) 506 � 20 620 � 20 766 � 20

*Only the relative signs of �aa and �bb can be determined from the data.
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spect to variation of the pulse delay in the quadrupolar echo
sequence shows that slow-motion effects are unimportant.)

For an orthorhombic crystal (point group �2h), the line-
width can be expressed as a linear combination of six
irreducible linewidth components according to (Gustafsson
and Halle, 1993)

�� � �



F
��, �	��
 (2)

where � and � are the spherical polar angles that specify the
orientation of the magnetic field with respect to the crystal
axes and the 
 sum runs over the six irreducible represen-
tations of the point group �2h. The angular functions F
 are

given explicitly in Table 2 as functions of the rotation angle
� for configurations I and II. Because the irreducible rep-
resentations B2 and B3 have the same angular coefficients
(to within a numerical constant) for these configurations,
only a linear combination of the corresponding linewidth
components could be determined. We thus determined five
independent linewidth components from simultaneous fits
to the experimental ��(�) data for the two configurations.
The resulting fits are shown in Fig. 4, and the parameter
values are given in Table 1. Because the misorientation
angles �
 and �
 were found to be small, perfect alignment
of crystal and cube was assumed in these fits.

Magnetic relaxation dispersion

Fig. 5 shows the frequency dependence in the range 2–55
MHz of the longitudinal relaxation rate, R1, of the narrow
component (see Fig. 1) of the 2H spectrum from a polycrys-
talline sample of form II BPTI crystals. The nearly fivefold
variation of R1, implies that the longitudinal relaxation in
this frequency range is dominated by motions with correla-
tion times of order 10 ns. Because a low-frequency plateau
is not evident, it would not be meaningful to fit a Lorentzian
dispersion function to the data. Indeed, a previously re-
ported water 1H dispersion from monoclinic lysozyme crys-
tals shows no tendency to level out, even at 10 kHz (Bryant
et al., 1982). On the other hand, the R1, dispersion observed
here is not just the high-frequency tail of a Lorentzian
dispersion centered at lower frequency, because the ob-
served frequency dependence is much weaker than inverse-
square (cf. dashed curve in Fig. 5).

DISCUSSION

A major issue in water 2H NMR studies of protein crystals
is the origin of the observed quadrupole splitting and relax-
ation behavior (R1 and linewidth). As seen by a water
molecule, a protein crystal is a highly heterogeneous system
comprising nearly isotropic interstitial regions, highly or-
dered buried hydration sites, and everything between these
extremes. Although nearly all crystal waters contribute to
the spectral intensity of the quadrupole doublet, it remains
to establish the contributions of the different types of crystal
water to the splitting and the linewidth.

FIGURE 4 2H linewidth from a form II single crystal of BPTI at pH* 9.5
and the indicated temperature. The angle, �, refers to rotation around
crystal axis c (configuration I, F) or to rotation around crystal axis b
(configuration II, E). The curves resulted from fits to all data at a given
temperature; the resulting parameter values are given in Table 1.

TABLE 2 Orientation-dependent coefficients of irreducible
linewidth components for an orthorhombic crystal

Configuration I Configuration II

A1(00) 1/4 (1/4) (3 cos2� � 1)2

A1(20) (
3/2) cos(2�) (
3/2) sin2� (3 cos2� � 1)
A1(22) (3/8) [1 � cos(4�)] (3/4) sin4�
B1 (3/8) [1 � cos(4�)] 0
B2 0 (9/2) sin2� cos2�
B3 0 �(3/2) sin2� cos2�
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Water ordering in protein crystals

The 2H NMR spectrum from a polycrystalline protein sam-
ple at ambient temperature consists of a broad (�200 kHz)
powder-like component and a narrow (�2 kHz) featureless
component (Fig. 1). The narrow component appears as a
resolved, orientation-dependent quadrupole doublet in sin-
gle crystal spectra (Fig. 2). The broad component is due to
deuterons that exchange slowly compared to their local
quadrupole frequencies. Typically, this implies a residence
time longer than �1 �s. The narrow component, on the
other hand, is due to rapidly exchanging deuterons, with
residence times shorter than �1 �s. It has been shown for
crambin, lysozyme, and ribonuclease A (at 14°C) that the
integrated intensities of the broad and narrow spectral com-
ponents are in approximately the same ratio as the fractions
of labile protein deuterons and crystal water deuterons,
respectively (Usha and Wittebort, 1989; Usha et al., 1991).
Within our modest accuracy, this is also the case for BPTI.

The exchangeable deuterons in crystal form II of BPTI at
pH* 9.5 comprise 320 water deuterons (see below) and 104
labile BPTI deuterons (backbone peptide and side-chain
amide, ammonium, guanidinium, and hydroxyl). If all labile
deuterons exchange slowly and all water deuterons ex-
change rapidly, the relative intensity of the broad compo-
nent would thus be 24.5%. For BPTI in solution, the hy-
drogen exchange rate constants are known for most of the
labile hydrogens (Wagner, 1983; Tüchsen and Woodward,
1985; Liepinsh et al., 1992; Denisov and Halle, 1995).
Using these rate constants, we find that all labile deuterons
in BPTI at pH* 9.5 and 27°C have residence times much
longer than 1 �s. In the crystal, exchange should be even
slower. This has been demonstrated for the most slowly
exchanging peptide hydrogens in BPTI (Gallagher et al.,
1992) and lysozyme (Pedersen et al., 1991). Furthermore,
labile deuterons in exposed side chains should exchange
more slowly in the crystal because of the reduced accessi-
bility of side chains near crystal contacts and the hindered
diffusion of hydroxyl ions through the crystal lattice. (At

pH* 9.5, there is one hydroxyl ion per 104 BPTI molecules.)
It seems safe to assume, therefore, that labile BPTI deuter-
ons do not contribute to the single crystal quadrupole dou-
blet, even at 50°C.

Although all previous water 2H NMR studies of protein
crystals have reported water quadrupole splittings of the
same order of magnitude (1–2 kHz) as found here for BPTI,
a consensus interpretation has not emerged. Lauterbur et al.
(1978) reported the orientation dependence of the splitting
(max. 1.25 kHz) with rotation around three mutually per-
pendicular axes of an orthorhombic single crystal of ly-
sozyme (40 vol% solvent). Because the relation of the
rotation axes to the crystal axes was not established, how-
ever, the rotation patterns could not be quantitatively ana-
lyzed. Borah and Bryant (1982) measured a splitting (max.
1.9 kHz) from a monoclinic single crystal of lysozyme (33
vol% solvent), but found no splitting in an amorphous
lysozyme powder of similar water content. These observa-
tions prompted the authors to rule out specific intramolec-
ular hydration sites (assumed to remain intact in the powder
sample) as the origin of the splitting. This argument does
not appear convincing to us, however, because water mol-
ecules exchanging rapidly with such sites are expected to
produce a splitting in a crystal, where the protein molecules
have the same orientation in all unit cells, but not in an
amorphous powder, where the protein molecules are isotro-
pically distributed. Usha and Wittebort (1989) studied pow-
der lineshapes from polycrystalline samples of monoclinic
crambin (33 vol% solvent), and these studies were extended
by Usha et al. (1991) to polycrystalline samples of mono-
clinic (33 vol% solvent) and tetragonal (42 vol% solvent)
lysozyme and monoclinic ribonuclease A (46 vol% sol-
vent). These studies focused on the broad component of the
powder spectrum, dominated by slowly exchanging peptide
deuterons, but an unresolved powder splitting of less than 2
kHz (at 287 K) was also inferred and attributed to orienta-
tionally disordered crystal water.

Form II crystals of BPTI contain 38 vol% solvent
(Wlodawer et al., 1984). From the unit cell dimensions (see
Materials and Methods) and the bulk water molar volume of
30.0 Å3 (assumed to apply also to crystal water), it then
follows that the crystal contains 160 water molecules per
protein. (The small corrections for the four internal water
molecules and a phosphate and a potassium ion from the
mother liquor tend to cancel out.) The free BPTI molecule
has a solvent-accessible surface area of 3900 Å2. If each
water molecule occupies 15 Å2, this corresponds to a mono-
layer of 260 water molecules. In the crystal, 42.5% of the
surface area is buried at protein contacts (Islam and Weaver,
1990), leaving 150 waters in contact with the exposed
surface. In the joint refinement of 1.0-Å-resolution x-ray
and 1.8-Å-resolution neutron diffraction data, 63 hydration
sites were modeled with occupancies in the range 0.4–1.0
and thermal B factors in the range 11–92 Å2 (Wlodawer et
al., 1984). Among these 63 hydration sites are four internal
waters (W111–113 and W122) and about a dozen intermo-
lecularly trapped waters residing in deep crevices and pock-

FIGURE 5 Frequency dependence of the 2H longitudinal relaxation rate,
R1, from a polycrystalline sample of form II crystals of BPTI at pH* 9.5
and 27°C. The symbols refer to two different crystal batches. The dashed
curve illustrates an inverse-square frequency dependence.
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ets formed by contacts with one or two of the 14 nearest-
neighbor protein molecules in the crystal. The
crystallographically identified hydration sites also include
many waters interacting with the exposed protein surface.
About 100 waters, many of which make direct contact with
the protein surface, are apparently not sufficiently position-
ally ordered to be crystallographically observable, even at
very high resolution.

Although it seems clear that the quadrupole doublet is
entirely due to crystal water, it is not obvious that all 160
waters are in the fast exchange limit. The residence time of
the singly buried water molecule, W122, has been deter-
mined in solution as a function of temperature (Denisov et
al., 1996): it ranges from 2.6 ms at 6°C to 13 �s at 50°C.
Suppression of conformational fluctuations by crystal
forces, as inferred from peptide hydrogen exchange exper-
iments (Gallagher et al., 1992), should make the residence
time of W122 even longer in the crystal. Whereas W122
therefore should not contribute to the quadrupole doublet,
the situation is less clear for the remaining three internal
water molecules, W111–113. These have residence times
somewhere in the range 0.02–1 �s in solution at 27°C
(Denisov et al., 1995) and may therefore go from slow to
fast exchange with increasing temperature in the crystal.
Form II crystals of BPTI also contain about a dozen inter-
molecularly trapped waters residing in deep crevices and
pockets formed by two or three contacting protein mole-
cules. In solution, these regions of the protein surface would
be exposed and would therefore not be occupied by long-
lived water molecules. In the crystal, however, some of
these water molecules might have residence times longer
than 1 �s.

The quadrupole splitting contains information about the
orientational order of the rapidly exchanging water mole-
cules. The principal components of the motionally averaged
quadrupole interaction tensor may be expressed as

��� � 3
2


A��
C , � � a, b, or c (3)

where 
 is the rigid-lattice water 2H quadrupole coupling
constant, taken to be 213 kHz, as in ice Ih (Edmonds and
Mackay, 1975). The crystal-frame residual anisotropies A��

C

represent the extent of motional averaging of the local
quadrupole interaction tensor (fixed in the water molecule)
with respect to the indicated crystal axis. Explicit expres-
sions for these quantities are given in Appendix A. This
motional averaging occurs at two levels: 1) by restricted
rotational motions in a given hydration site, and 2) by
exchange (translational diffusion) between hydration sites
with different orientations (and different degrees of local
order).

Although it is clearly not possible to obtain a detailed
picture of water ordering in the many individual hydration
sites from the two experimental observables �aa and �bb,
their magnitudes and temperature dependence can be used
to discriminate among certain models. We shall consider
two simple models for the orientational order of the water

molecules in a protein crystal. In the first model, which we
refer to as the hydration layer model, the quadrupole dou-
blet is due to a large number of weakly ordered water
molecules, essentially all waters in contact with exposed
protein surfaces. For simplicity, we assume that the local
order is uncorrelated with the orientation of the hydration
site and that there is at least threefold local symmetry. Then
we can factorize the crystal-frame residual anisotropies as
(cf. Eq. A7)

A��
C � S���A0

D�, � � a, b, or c (4)

where A0
D is the local residual anisotropy defined in Eq. A2,

and the angular brackets signify averaging over all hydra-
tion sites. The geometric order parameters S�� reflect the
orientational distribution of the hydration sites. If all hydra-
tion sites were to have the water C2v axis preferentially
aligned with the c-axis of the crystal, then Scc � 1 and Saa �
Sbb � �1/2, and if the hydration sites were isotropically
distributed, then Saa � Sbb � Scc � 0. Although the BPTI
molecule is certainly not a smooth sphere, Fig. 6 shows that
the crystallographically identified waters are rather uni-
formly distributed in orientational space. We therefore ex-
pect that S�� �� 1. This was verified by explicit calculation
of S��, using the atomic coordinates of the 62 potentially
contributing crystal waters (W122 was excluded). As seen
from Fig. 7, �S��� � 0.1 already after inclusion of the 20
most highly (positionally) ordered waters (with smallest B
factor).

As a test of the hydration layer model, we calculated the
average local residual anisotropy �A0

D� from Eqs. 3 and 4,
using the experimental quadrupole frequencies �aa and �bb

(Table 1) and the geometric order parameters in Fig. 7. (The
reported �A0

D� values are averaged over the N partially
ordered water molecules rather than all 159 rapidly ex-
changing crystal waters. Before substitution into Eq. 4, this

FIGURE 6 Orientational distribution for the 4 � 62 crystal waters
(excluding W122) identified in the unit cell of crystal form II of BPTI. The
62 waters in the asymmetrical unit (F) are shown along with symmetry-
related waters in the unit cell (E). Four symmetry-related waters are
identified by arrows. The spherical polar angles �CM and �C specify the
orientation of the water C2v axis with respect to the crystal axes. An
isotropic orientational distribution corresponds to a uniform distribution of
points in the plane of the figure.

1080 Biophysical Journal Volume 77 August 1999



value should be multiplied by a factor N/159, accounting for
159 � N waters with negligible residual anisotropy.) The
results of this calculation, shown in Fig. 8, lead us to reject
the hydration layer model because it requires an unreason-
ably high local order to account for the observed quadrupole
splitting. The required magnitude of �A0

D� is of order 1,
nearly two orders of magnitude larger than for interfacial
water in clays and amphiphilic liquid crystals (Halle and
Wennerström, 1981). In fact, the �A0

D� values in Fig. 8
mostly fall outside the theoretically allowed range, �0.55 �
A0

D � 0.49, which follows from Eqs. A2–A4 and the geom-
etry of the water molecule. Moreover, the �A0

D� values
calculated from the two measured quadrupole frequencies
�aa and �bb differ greatly (being mostly of opposite sign).
Even if an unphysically large local order is admitted, the
hydration layer therefore cannot simultaneously account for
�aa and �bb.

Having rejected a weakly ordered hydration layer as the
origin of the quadrupole splitting, we now consider the

possibility that a few highly ordered water molecules, ex-
changing rapidly (submicrosecond residence times) with the
remaining (weakly ordered) waters, might account for the
splitting data. To quantitatively assess this specific site
model, we introduce the simplifying assumption that all
water molecules that contribute to the splitting are fully
ordered, and the remaining waters are isotropically disor-
dered. The quadrupole frequencies �aa and �bb can then be
calculated by means of Eqs. 3 and A6. The results of such
calculations are shown in Fig. 9. Here, the first 16 waters
include three internal waters (W111–113), 10 intermolecu-
larly trapped waters (W110, 119, 129, 157, 200, 216, 218,
223, 302, and 304), and the three remaining waters with full
occupancy and B � 30 Å2 (W138, 143, and 203). These are
the water molecules most likely to be highly (orientation-
ally) ordered. It is seen that the quadrupole frequencies
measured at the lower temperatures can be accounted for by
as few as three ordered water molecules, whereas the 50°C
data require about 10 ordered waters. The observed increase
in the quadrupole frequencies with temperature can now be
understood as the result of a small number of ordered waters
going from a slow-exchange (residence time � 1 �s) to a
fast-exchange (�1 �s) situation. In the calculation shown in
Fig. 9, these water molecules are W111, 112, 113, 200, 203,
and 302, whereas the 6°C splitting is due to W119, 143, and
223. Although plausible, this is by no means a unique
assignment. By adding water molecules in different order,
many different curves like the ones in Fig. 9 can be gener-
ated. Furthermore, whereas the quadrupole frequencies are
accurate to �1% (Table 1), there is a larger uncertainty
associated with the water orientations deduced from the
crystallographic coordinates (but the 16 selected waters are
among the most accurately localized ones) (Wlodawer et al.,
1984) and with the neglect of local disorder (Denisov et al.,
1997). Nevertheless, this calculation demonstrates that the
magnitude and temperature dependence of the quadrupole

FIGURE 7 Geometric order parameters Saa, Sbb, and Scc, averaged over
N crystal waters (added in order of increasing B factor). The orientations of
the 62 waters (excluding W122) were calculated from the crystallographic
coordinates.

FIGURE 8 Local residual anisotropy, A0
D, averaged over N partially

ordered crystal waters (added in order of increasing B factor). �A0
D� was

calculated according to Eqs. 3 and 4, using the quadrupole tensor compo-
nents �aa (solid line) and �bb (dashed line) measured at 50°C and the
geometric order parameters Saa and Sbb in Fig. 6. The theoretically allowed
region for �A0

D� is hatched.

FIGURE 9 Quadrupole tensor components �aa (F) and �bb (E) calcu-
lated according to Eqs. 3 and A6 for N fully ordered crystal waters and
159 � N isotropic waters. The first 16 waters include three internal
(W111–113) and 10 intermolecularly trapped waters; the remaining 46
waters were added in order of increasing B factor. The quadrupole fre-
quencies measured at 6°C and 50°C (see Table 1) closely match the
calculated frequencies for N � 3 and 9, respectively (vertical dashed lines).

Venu et al. Hydration in a Single Crystal of BPTI 1081



frequencies can be explained by a small number of highly
ordered water molecules. The minimum number of ordered
water molecules required is three at 6°C and about nine at
50°C. These numbers would increase somewhat if we al-
lowed for local disorder, but the presence of only �15
buried and trapped waters (some of which may remain in
the slow-exchange limit at 50°C) in the crystal structure
suggests that the actual numbers are small.

Water dynamics in protein crystals

Whereas quadrupole splittings are fully determined by equi-
librium orientational distributions, spin relaxation rates and
homogeneous linewidths also contain information about the
rates of molecular motions. Because a protein crystal is
heterogeneous with respect to orientational order as well as
dynamics, it is not straightforward to extract the dynamic
information. Furthermore, we must consider not only local
water reorientation, but also translational diffusion (ex-
change) of ordered water molecules between sites differing
in local order and/or orientation. Symmetrical 180° flips of
ordered water molecules may also contribute (Fischer et al.,
1998). Finally, contributions from labile BPTI deuterons
cannot be ruled out.

We consider first the orientation-dependent linewidths
(Fig. 4 and Table 1). Under the conditions of the present
study, the irreducible linewidth coefficients can be ex-
pressed as (see Appendix B)

��
 �
1

�N �
k

��Qk

 	2�k

1 � ��Qk

 �k	

2 (5)

where the sum runs over all ordered water molecules, with
residence time �k and residual quadrupole frequency �Qk


 �
(3/2) �
G
(�CM

k ), with G
 dependent on the orientation of
the hydration site. Furthermore, N � 160 is the number of
water molecules per BPTI molecule. The denominator in
the summand of Eq. 5, which is an ad hoc extension of the
rigorous result for the fast exchange limit, attenuates the
contribution from slowly exchanging water molecules.
Among the ordered waters, those with residence times near
1/�Qk


 � 1 �s will therefore dominate the linewidth. Be-
cause Eq. 5 shows that a single ordered water molecule can
contribute as much as 2000 G
(�CM

k ) Hz (where
G
(�CM

k ) � 1, but in general not �� 1), it is clear that the
observed linewidths (250–700 Hz) can be accounted for by
a very small number of water molecules. The strong orien-
tation dependence of �� also suggests a small number of
contributing water molecules. These are presumably a sub-
set of the ones contributing to the splitting. Although a
contribution from labile BPTI deuterons, especially at 50°C,
cannot be ruled out, our linewidths (at pH* 9.5) are similar
to those reported for single crystals of lysozyme near pH* 5
(Lauterbur et al., 1978; Borah and Bryant, 1982), where
base-catalyzed hydrogen exchange is four orders of magni-
tude slower than in our crystal. We expect a wide distribu-
tion of water residence times at the different sites in a

protein crystal. On the basis of the available information on
buried water residence times in solution (Denisov et al.,
1995, 1996; Halle, 1998), the residence times for some of
the buried (W111–113) or intermolecularly trapped waters
may well be in the microsecond range.

The longitudinal water 2H relaxation rate, R1, has previ-
ously been measured (at a single frequency) in polycrystal-
line samples of crambin, lysozyme, and ribonuclease A
(Borah and Bryant, 1982; Usha and Wittebort, 1989; Usha
et al., 1991). As in previous studies, we find no deviation
from single-exponential relaxation. As noted before (Usha
and Wittebort, 1989; Usha et al., 1991), this implies that
water exchange between different hydration sites is fast
compared to the difference in local relaxation rates (of order
1–10 ms). However, the observation of a homogeneous
(exchange averaged) quadrupole doublet imposes a much
stronger (�s) bound on the residence times.

Although previously reported R1 values are on the same
order of magnitude as found here (at the corresponding
frequency), there are quantitative differences that need to be
explained. For monoclinic lysozyme, for example, R1 � 33
s�1 at 38.7 MHz and 27°C (Usha et al., 1991), increasing to
�80 s�1 at 9.2 MHz and room temperature (Borah and
Bryant, 1982). For BPTI, we find R1 values of �100 and
240 s�1, respectively, at these frequencies (Fig. 5). The
threefold difference in R1 values between lysozyme and
BPTI cannot be explained by the different water content of
the crystals, because form II BPTI has more water (38
vol%) than monoclinic lysozyme (33 vol%). We believe
that the crucial difference is the pH* value, which is 9.5 in
BPTI and 4.5 in lysozyme, making base-catalyzed exchange
of labile protein deuterons five orders of magnitude faster in
our crystal. For the adiabatic linewidth, where the residence
time is also the correlation time, fast exchange means that
the residence time is shorter than the inverse quadrupole
frequency (�1 �s). Longitudinal relaxation in the MHz
range, however, is induced by much faster motions, and fast
exchange then only implies a residence time short compared
to the local T1 relaxation time (1–10 ms for correlation
times of 0.1–10 ns). We conclude, therefore, that labile
protein deuterons make a dominant contribution to the R1

data in Fig. 4. Even at the lower pH of the lysozyme
crystals, labile deuterons may contribute significantly.

The R1 values obtained from polycrystalline proteins at
38.7 MHz were 15–45 times larger than the relaxation rate
in bulk D2O. If this relaxation enhancement is modeled by
a single correlation time, one would conclude that water
reorientation in the crystal is slowed down by the same
factor. From 17O relaxation dispersion studies of protein
solutions, it is known that the water molecules in contact
with the protein surface are only slowed down by a factor of
5 on average (Denisov and Halle, 1996). For small solutes
such as amino acids, the dynamic retardation factor is about
2 (Ishimura and Uedaira, 1990), suggesting that the larger
effect for protein surfaces is dominated by a small number
of strongly retarded waters in surface pockets. The finding
that the translational self-diffusion coefficient of water in a
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single crystal of myoglobin (40 vol% solvent) is only a
factor 2 lower than in bulk water (Kotitschke et al., 1990)
indicates that most crystal waters have bulk-like dynamics.
The larger retardation factors inferred from R1 values would
then be due to a minority population of more retarded
waters and to local reorientation of rapidly exchanging
side-chain deuterons. This is consistent with our 2H disper-
sion (Fig. 5) and a previous 1H dispersion from lysozyme
crystals (Bryant et al., 1982), showing that R1 remains
frequency dependent up to 50 MHz at least. At the frequen-
cies (9.2 and 38.7 MHz) of previous 2H R1 measurements,
R1, must therefore include a contribution from motions with
correlation times in the nanosecond range.

At still lower frequencies, we predict that the 2H disper-
sion exhibits a large step with an apparent correlation time
of �1 �s, as observed for chemically cross-linked proteins
(Koenig et al., 1993; Halle and Denisov, 1995) and colloidal
particles (Roose et al., 1999). As predicted theoretically
(Halle, 1996), this apparent correlation time is essentially
the inverse of the quadrupole frequency and should there-
fore not depend on temperature. The corresponding 1H
dispersion should be much broader because of the distribu-
tion of intermolecular dipole couplings but should also be
insensitive to temperature, features that were indeed ob-
served for lysozyme crystals (Bryant et al., 1982).

CONCLUSIONS

We have determined the principal components of the mo-
tionally averaged quadrupole interaction tensor of the water
deuterons in a protein crystal. The analysis of these princi-
pal quadrupole frequencies and their temperature depen-
dence, coupled with crystallographically determined water
orientations, allowed us to discriminate among models for
the orientational order of crystal water. If the protein-water
interface were flat, a weakly ordered hydration layer could
account for the magnitude of the observed quadrupole split-
ting. This splitting is attenuated by one to two orders of
magnitude, however, because of the nearly isotropic distri-
bution of hydration site orientations on the protein. We
therefore attribute the observed splitting (and its tempera-
ture dependence) to a small number of highly ordered water
molecules, presumably among the internal and intermolecu-
larly trapped crystal waters. The exchange of water mole-
cules in this class, with residence times of order 1 �s, can
also account for the orientation dependence of the 2H line-
width. We have also reported the deuteron magnetic relax-
ation dispersion from the protein crystal and concluded that
the observed dispersion in the MHz range is dominated by
labile protein deuterons. It therefore cannot be used to make
quantitative statements about the rate of water reorientation
in the crystal.

Most of the special hydration sites that appear to be
responsible for the splitting and linewidth of the 2H doublet
are located at intermolecular contacts and are thus a prop-
erty of the crystal rather than the protein. The characteristics

of such bridging water molecules are important for crystal
stability and protein-protein association in solution, but are
irrelevant for protein hydration in dilute aqueous solution.
When comparing NMR data on protein surface hydration in
solution with diffraction data on crystal waters, it should be
kept in mind that some of the most well-defined surface
hydration sites in the crystal structure are highly exposed
when neighboring protein molecules are removed. As an
example, Fig. 10 shows W119 in crystal form II of BPTI.
The residence time of a water molecule at this site is likely
to be several orders of magnitude longer in the crystal than
in solution.

APPENDIX A: MOTIONAL AVERAGING OF THE
WATER 2H QUADRUPOLE TENSOR IN AN
ORTHORHOMBIC PROTEIN CRYSTAL

In the fast-exchange limit, motional averaging reduces the principal com-
ponents of the quadrupole interaction tensor according to Eq. 3. By
carrying out the transformation from the crystal frame (C) to the molecular
principal frame (F) in three steps, via the director frame (D), defined by the
local potential of mean torque, and a molecule-fixed frame (M), with the z

FIGURE 10 A water molecule trapped by protein contacts in crystal
form II of BPTI (PDB file 5pti). When a single BPTI molecule is exam-
ined, the water molecule W119 appears highly exposed (top), but when one
of the neighboring 14 BPTI molecules is included, W119 is seen to reside
in a deep intermolecular cleft (center).
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axis along the water C2v axis, the crystal-frame residual anisotropies (in a
Cartesian basis) can be expressed as

Acc
C � �

n

�D0n
2 ��CD	An

D� (A1a)

Aaa
C � Abb

C � �6 �
n

�D2n
2 ��CD	An

D� (A1b)

Aaa
C � Abb

C � Acc
C � 0 (A1c)

where Dpn
2 (�CD) is an element of the second-rank Wigner rotation matrix

and �CD are the Euler angles that effect the transformation between the C
and D frames (Brink and Satchler, 1968). The sum runs from n � �2 to
n � �2, and the angular brackets denote an average over all rapidly
exchanging water molecules in the asymmetrical unit of the crystal. The
director-frame (spherical) residual anisotropies are given by

An
D � Sn0�0 � 2Sn2�2 (A2)

where we have introduced the local order parameters (in a spherical basis)

Snp � �Dnp
2 ��DM	� (A3)

and the geometric coefficients

�0 � 1 �
1
2

�3 � �	sin2� (A4a)

�2 � �
1

�6
�1 � � � �0� (A4b)

where � is the asymmetry parameter for the water 2H electric field gradient
tensor and 2� is the HOH angle. With the standard values, � � 0.11 and
2� � 107°, one obtains �0 � 0.066 and �2 � �0.426. Even if a water
molecule does not undergo a 180° flip while residing in a hydration site, the
two orientations will be exchange averaged. This accounts for the absence
of the order parameters Sn�1 and Sn�2 in Eq. A2. The generalized order
parameter that governs relaxation in isotropic solutions is usually defined
as (Halle et al., 1999)

S2 � �1 � �2/3	�1 �
n

�An
D�2 (A5)

Unless the 180° flip is fast compared to the isotropic correlation time, Sn�1

will be nonzero, so that An
D in Eq. A5 differs from An

D in Eq. A1.
The general result in Eq. A1 can be simplified in certain special cases.

In the limit of rigid binding (Snp � �np), one obtains

Acc
C � �1 �

3
2

�sin2�CM���0 �
�6
2

�sin2�CMcos�2�M	��2

(A6a)

Aaa
C � Abb

C �
3
2

�sin2�CMcos�2�C	��0

�
�6
4

��cos 2��C � �M	�1 � cos �CM	2�

��cos 2��C � �M	�1 � cos �CM	2���2 (A6b)

If the local order is uncorrelated with the orientation of the hydration site,
the two factors in Eq. A1 can be averaged separately. (This includes the
limiting case of uniform local order.) If there is also at least threefold
symmetry around the local director (so that An

D � �n0A0
D), then Eq. A1

reduces to

Acc
C � �1 �

3
2

�sin2�CD���A0
D� (A7a)

Aaa
C � Abb

C �
3
2

�sin2�CDcos�2�C	� �A0
D� (A7b)

APPENDIX B: LINEWIDTHS IN THE ADIABATIC
FAST EXCHANGE REGIME

In the adiabatic regime, where (�L �k)2 �� 1 � (�Q �k)2, the linewidth is
governed by the secular term in the spin Hamiltonian. With the Larmor
frequency �L � 2 � 108 s�1 and the quadrupole frequency �Q � 1 � 106

s�1, the adiabatic limit is valid for motions with correlation times �k ��
1/�L � 5 ns. Because the linewidth is very large (250–700 Hz), it must be
dominated by motions in the microsecond range, for which the adiabatic
approximation is valid. In the fast exchange (or motional narrowing) limit,
(�Q �k)2 �� 1, the linewidth �� is given by (Abragam, 1961)

�� �
1
� �

0

�

d� ���Q�0	�Q��	� � ��Q�2� (B1)

where �Q(�) is the instantaneous quadrupole frequency experienced by a
deuteron at time �. Because the linewidth is dominated by slow motions,
we can regard �Q as being partially averaged by local water reorientation.
From the foregoing analysis of the quadrupole splitting, we know that only
a small fraction of the crystal waters are strongly ordered, whereas the
majority of waters (contacting exposed parts of the protein surface and
forming clusters in interstitial spaces) are only weakly ordered. The cor-
relation time �k can then be identified with the water residence time in the
kth ordered hydration site. Under these conditions, Eq. 5 reduces to

�� �
1

�Nuc
�
k

��Qk
2 �uc�k (B2)

where the k sum runs over the ordered sites and the average is taken over
the full unit cell containing four BPTI molecules and Nuc � 4 � 160 water
molecules. The quadrupole frequency for a fully ordered water molecule is

�Qk �
3�

2

 �

n

�
p

D0n
2 ��LC	Dnp

2 ��CM
k 	�p (B3)

After �Qk is inserted, Eq. B2 can be brought to the form of Eq. 2, leading
to explicit expressions for the experimentally determined irreducible line-
width coefficients ��
.
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