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Abstract

We report the proton second moment obtained directly from the Free Induction Decay (FID) of the NMR signal of variously
hydrated bovine serum albumin (BSA) and hen egg white lysozyme (HEWL) and from the width of the NMR Z-spectrum of the
cross-linked protein gels of different concentrations. The second moment of the proteins decreases in a continuous stepwise way as a
function of increasing water content, which suggests that the structural and dynamical changes occur in small incremental steps.
Although the second moment is dominated by the short range distances of nearest neighbors, the changes in the second moment show
that the protein structure becomes more open with increasing hydration level. A difference between the apparent liquid content of the
sample as found from decomposition of the FID and the analytically determined water content demonstrates that water absorbed in the
early stages of hydration is motionally immobilized and magnetically indistinguishable from rigid protein protons while at high hydra-

tion levels some protein side-chain protons move rapidly contributing to liquid-like component of the NMR signal.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Protein hydration; Wideline NMR; Proton second moment; Structural rearrangements; Water

1. Introduction

It is widely known that structural and dynamical
changes accompany dehydration of proteins [1-4]; how-
ever, it is difficult to monitor these changes quantitatively
or even qualitatively. In solid systems, i.e., ones where
rapid motional averaging does not provide extreme spec-
tral narrowing, the NMR linewidths are large and obscure
the spectral features usually used for structure assignment.
Nevertheless, NMR measurements may provide interesting
structural information because the linewidths or the second
moments of the resonance lines are a strong function of
proton—proton intermoment distances and local dynamical
averaging of the dipolar couplings. The second moment of
the solid lineshape may, therefore, provide a direct report
of the average protein structure.
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Historically, the second moment was difficult to measure
accurately because of spectral broadening by saturation
effects in continuous wave experiments. In pulse experi-
ments, the receiver dead time following an excitation pulse
requires extrapolation of the detectable signal to zero time
which, in turn, requires knowledge of the lineshape func-
tion for the extrapolation [5]. However, high field NMR
spectrometers have short receiver ring-down times, so that
such extrapolations are not long, and the receiver band-
widths now are sufficient to capture accurate NMR signals
in the time domain. The signal following a single short exci-
tation pulse, or FID, is a Gaussian decay for a solid pro-
tein—proton-spin system:

Moy (1) = My, (0)e 7, (1)

where M, (1) is the transverse magnetization decay at time
t and M, is the second moment. The second moment is
related to the intermoment distance by the equation [6],
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where y is the magnetogyric ratio, % is Planck’s constant, N
is the number of nuclei per unit volume, 74 is the intermo-
ment distance between nuclei j and k, and 0 is the angle
between the applied magnetic field and 7. For a rigid sys-
tem, where all orientations of the vector rjy are equally
probable, the second moment must be averaged over all

0 which lead to the expression

3 1
M, = gy‘,‘hzl(IJr 1) Z 7 (3)
J J

Although there is no structural detail in the second
moment for the complex arrangement of protein spins, this
simple measurement provides a global structural assess-
ment for disordered systems. The second moment also
reflects the changes in the local dynamics of the observed
spins. The effect of local motion is observed as a reduction
of the second moment. For a protein, rapid motions such
as, for example, methyl group Markovian jumps may par-
tially average the dipole-dipole couplings and reduce the
second moment due to decrease in the average value of
(1- 300520,k) and 7].’,{6 terms in Eq. (2). The second moment
then reports the combined impact of the high frequency
averaging on the effective structure. We describe here an
interesting example of the progressive hydration of
proteins from the lyophilized to the fully hydrated state.
Changes in the protein structure and dynamics with hydra-
tion result in a decrease in the 'H second moment, but the
response is not linear.

2. Experimental
2.1. Sample preparation

Bovine Serum Albumin (BSA Fraction V, Sigma-
Aldrich, Inc, #A3059) and lysozyme from chicken egg
white (Sigma Chemical Co., #1L-6876) were each dialyzed
against four changes of deionized water and lyophilized to
constant weight using a mechanical vacuum line at room
temperature. Approximately 150 mg of each purified pro-
tein was dissolved in 2 mL water and the measured pH
was 6.5 for BSA and 5.2 for lysozyme. In order to avoid
possible denaturation or disulfide bond reorganization the
temperature was not increased in the drying process to
achieve completely dry protein, as some authors reported
[7]. The residual water content in the lyophilized proteins
was determined by a coulometric Karl-Fischer titration
using a Photovolt Aquatest 8 titrator and was found to
be 3.5+ 0.04% (% water weight/total weight) for lyso-
zyme and 5.4 + 1.08% for BSA. This residual water con-
tent corresponds to approximately 29 water molecules
per lysozyme molecule and 212 water molecules per
BSA molecule. Thus, a NMR measurement of completely
dry protein was not made.

2.1.1. Hydrated protein powders

Both BSA and lysozyme were hydrated isopiestically by
standing over water-glycerol (Fisher Scientific, Fair Lawn,
NJ 07410) solutions of different composition [8]. The dried
protein sample (150-200 mg) contained in a plastic boat
was weighed accurately (Mettler AT 261 Delta Range,
40.00001 g), placed on a support inside a sealed glass con-
tainer over a water-glycerol mixture, and allowed to equil-
ibrate for over 3 weeks. Plastic boats with protein were
then removed and immediately weighed; the mass increase
was attributed to water absorbed by the protein. The total
water content in the hydrated protein powders was com-
puted as the sum of the initial water content for the dried
stock sample plus the gain from the isopiestic hydration
procedure. Hydration results are summarized in Fig. 1
and are consistent with earlier reports [7,9]. We note that
BSA adsorbs water more strongly than lysozyme through-
out the accessible range of relative humidity.

2.1.2. Protein gels

BSA and lysozyme gels were prepared by dissolving 50,
150, 250 and 400 mg of dried BSA and 250 and 340 mg of
dried lysozyme each in 0.9 ml of water. These protein solu-
tions were transferred into individual 5 mm NMR tubes.
0.1 ml of 25% aqueous glutaraldehyde (Sigma Chemical
Co, St. Louis, MO) was added to each tube using a long
glass pipette, and vigorously mixed. Gels formed within
10 min. The corresponding water content of BSA gels
was then 73.0, 81.1, 87.7, 95.5 mass% and lysozyme gels
75.5 and 80.7 mass%.

The effect of cross-linking proteins on their structure has
been reported to be negligible as studied by X-ray diffrac-
tion method [10]. The differences between root-mean-
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Fig. 1. Hydration level of BSA (#) and hen egg white lysozyme (©) as a

function of the relative humidity for the proteins hydrated isopiestically
over aqueous glycerol solutions.
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square displacements of native and glutaraldehyde cross-
linked proteins lied between 0.12 and 0.2 A.

2.2. NMR measurements and data analysis

Nuclear magnetic resonance data were collected using a
Varian Unity Plus NMR spectrometer operating at a 'H
resonance frequency of 500 MHz.

2.2.1. Hydrated protein powders

Proton free induction decays for hydrated protein
samples were recorded at 298 K following a single 8 ps
excitation pulse using a 5 mm triple-resonance z-gradient
probe. The acquisition delay time following the transmit-
ter pulse was 3.27 us. Fig. 2 shows the initial portion of
representative free induction decays for variously
hydrated BSA powders. In the case of a hydrated pro-
tein, the FID of the transverse signal is a superposition
of a solid component and a liquid component, which
are easily separable since the time constants for the
decay are significantly different as seen in Fig. 2. Because
the samples are spatially and dynamically heterogeneous,
the liquid component line is well characterized by a
Gaussian shape (Eq. (1)). The fit of the total decay to
a sum of Gaussian functions was robust with the corre-
lation coefficients always larger than 0.999. For the driest
samples, a single Gaussian accounts for the data. At the
highest water content a small contribution from a very
long component was noted and the first 330 pus of the
512 ps decay was fit reliably to a sum of Gaussian com-
ponents plus a constant.
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Fig. 2. The early portion of the normalized transverse magnetization
decay for BSA powders hydrated isopiestically to different levels: (O) 8.5%
water, () 14.3% water, (<) 23.9% water, (A) 33.8% water by mass. The
total acquisition time for all measurements of hydrated powders was
512 ps.

2.2.2. Protein gels

For cross-linked protein gel samples, the water-proton
signal far exceeds the protein—proton signal, making accu-
rate measurement of the protein—proton second moment
difficult. The dynamic range problem was circumvented
by measuring the Z-spectra of the gel samples. In this
experiment, the water resonance is observed as a function
of the frequency offset of a long weak saturating rf pulse.
The pulse sequence consisted of a soft preparation pulse
of duration 1 or 3 s with a nutation frequency not exceed-
ing 120 Hz. The preparation pulse was offset by a variable
frequency from the water resonance and, after an 80 ps
delay, was followed by a 12.5 us 90° observation pulse
and acquisition. The saturation is transferred to the water
resonance and the dependence of the water signal intensity
on the frequency offset of the preparation pulse reports the
line shape of the solid component spectrum [11]. Represen-
tative Z-spectra are summarized in Fig. 3. The most central
portion of the spectra, where a narrow peak due to water
signal saturation is usually observed [11], was deleted for
clarity. The solid lines in Fig. 3 are Gaussian fits to the
experimental line shape. The second moment is related to
the full width at half height of the absorption line shape
(FWHH, Av) by the relation,

M, = (nAv)*/21n 2. (4)

To eliminate the effects of saturation on the linewidth,
(FWHH)? versus the square of the preparation pulse power
was extrapolated to zero as shown in Fig. 4. These extrap-
olated values were used in determining the second moment
of protein gels. The extrapolated FWHH values differ by a
relative standard deviation of less than 2%.

M,/M,°

-60 -30 0 30 60

Frequency Offset, kHz

Fig. 3. The normalized Z-spectra for a 40% BSA gel in water as a function
of the amplitude of the preparation pulse at 298 K: (@) 56 Hz, (H) 63 Hz,
(®) 71 Hz, (A) 89 Hz, (V) 112 Hz. The solid lines are Gaussian fits to the
experimental line shapes simulated with the non-linear Levenburg—
Marquardt least-squares procedure.
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Fig. 4. The square of the full width at half height of the Z-spectrum as a
function of the preparation pulse amplitude for BSA gels at different mass
per cent protein at 298 K: (O) 5%, (A) 15%, (<) 25%, (M) 40%. The solid
lines are linear fits to the experimental data points.

3. Results and discussion

The 'H second moments are shown in Fig. 5a as a func-
tion of mass percent water for BSA and lysozyme hydrated
powders and gels, and the portion of the data limited to
hydrated powders is plotted as a function of the number
of water molecules per protein molecule in Fig. 5b. The
putatively dry protein remains partly hydrated as deter-

mined by Karl-Fischer titrations, although these samples
show no liquid or slowly decaying transverse magnetiza-
tion component. Therefore, the residual water in the vac-
uum-dried protein at levels below 5% is not rotationally
mobile and the water-proton NMR signal is indistinguish-
able from the FID of the solid protein protons.

The proton second moment for both proteins decreases
by approximately 60% with increasing hydration to the
level of the fully hydrated protein in a gel. The second
moment change may result from two causes: structural
changes in the protein that increase the intermoment dis-
tances contributing to the sum in Eq. (2) and motional
averaging of the inter-proton dipolar couplings. The addi-
tion of water, which has a significant electric dipole
moment, may relax the electrostatic constraints caused by
the charged groups or dipoles in the protein. The resulting
structural reorganization may facilitate local motion of
some groups because of changes in the effective free volume
in the folded structure. Of course, it is well known that such
motions as N—H small librations [12] or methyl rotations
[13,14] are present at 298 K whether the protein is dry or
hydrated; however, it is clear from earlier work that solva-
tion of side chains permits side chain motions that lengthen
the transverse decay significantly [15]. The present analysis
of the transverse decay isolates the fast component, which
then corresponds to the majority of the protein protons
that do not experience significant dynamical averaging.
The most rapidly moving side-chain proton contributions
are present in the slower part of the decay that is not
included in the second moment plotted. In this sense, the
second moment shown in Fig. 5 represents a report on
the structure and dynamics of the protein core.
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Fig. 5. The 'H second moment for the rapidly decaying portion of the FID for BSA (#) and hen egg white lysozyme (©) as a function of (a) the mass per
cent water (samples above 40% were cross-linked protein gels); (b) water molecules per protein molecule for hydrated powders.
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For BSA, the beginning of the hydration process, up to
approximately 8% water by mass, results in 42% of the sec-
ond moment decrease. At this point there are approxi-
mately 320 water molecules per BSA molecule. These
changes parallel significant decreases in the enthalpy of
water adsorption to the protein, which have been attrib-
uted to hydration of protein charged groups [9,16]. The sec-
ond part of the M, response for BSA hydration extends to
approximately 30% water by mass, which corresponds to
approximately 1600 water molecules per protein molecule,
and represents a nearly fully hydrated system. We note that
the second moment at this point is still somewhat larger
than that of the protein gel, although 88% of the total
change in the second moment has occurred. Similar num-
bers of water molecules (1200-1600) per protein have been
reported for fully hydrated albumin [17]. Some discrepancy
in these numbers may result from differences in the pH of
the solutions from which the samples were prepared
because the hydration response should be a function of
the effective charge distribution on the protein. This distri-
bution may be a reason why the second moment profile for
lysozyme is qualitatively different at low water contents
from the albumin. Even at 100% relative humidity, lyso-
zyme does not reach full hydration and the proton second
moment decreases an additional factor of 1/3 from the
hydrated powder with 35% water content to the cross-
linked gel. This observation is consistent with low (10%)
lysozyme enzymatic activity in the isopiestically hydrated
powder [16]. The partial molar heat capacity reported for
lysozyme as a function of hydration shows that at 5-7
and 21 mass percent there are peaks on the otherwise
rather smooth curve that are identified with the proton
transfer from the carboxylic acid to basic protein groups
at the lowest level of hydration, and with specific interac-
tions of water with carbonyl oxygen atoms and other polar
sites at 21% [9]. At approximately 20% water by mass, we
observe a change in the slope of the second moment for
lysozyme versus water content that correlates with this
earlier report.

Generally, the protein second moments shown in Fig. 5
respond to increasing hydration similarly to the changes in
the enthalpy of adsorption for water, or for the partial molar
heat capacity reported by others [9]. This parallel behavior is
expected because the energetic changes undoubtedly result in
small structural and dynamical rearrangements of the
protein that are reflected in the second moment.

It is instructive at this point to compare measurements
with calculations of the second moment. To calculate the
second moment, the coordinates of protein protons within
three-dimensional structures from the protein data bank
were created with the aid of Insight II software (Biosym
Technologies, Inc.). Two different PDB files were used to
calculate (and compare) the average second moment of
HEWL. The structure was determined by solution NMR
in 1ESL while in 1F10 file the X-Ray diffraction (XRD)
measurements were conducted on protein hydrated at
88% relative humidity. The structure of bovine serum albu-

min is not reported yet but the amino acid sequence of the
protein is 76% homologous to the sequence of human
serum albumin (HSA). Moreover, computational and mass
spectroscopy studies showed high degree of similarity in
3D structures between these two proteins [18-20]. There-
fore, PDB file 1E78, where the structure of fully hydrated
HSA was measured by XRD, was used for calculation of
the second moment.

The computation of the second moment yields an aver-
age value of 1.39x10'%s™ (1ESL) and 1.33x 100572
(1F10) for HEWL and 1.32 x 10'° s72 for HSA. These val-
ues are essentially equal to the measured values for the dry
proteins. However, the calculation is based on the structure
of the protein in a fully hydrated state, not the lyophilized
state. Furthermore, the calculation presumes that the
methyl protons are rigid at 298 K, but it is well established
that methyl groups rotate rapidly at this temperature
[13,14]. Correction of the calculated average by the order
parameter associated with methyl rotation (Sgy; = 0.25)
with appropriate weight (183 methyl protons in HEWL
and 939 in HSA) reduces the calculated average second
moment to {(M>)igia = 1.06 X 10'° 572 (1E8L) for lysozyme
and 0.97 x 10'°s72 for HSA. The assumption is that all
remaining protein protons are not moving fast enough to
average the dipolar coupling strength.

The distribution of uncorrected HSA second moments is
shown in Fig. 6 where the three distinct populations derive
largely from CH, CH,, and CHj3 contributions. The inset,
which illustrates dependence of the second moment on
the intermoment distance, shows that the second moment
is dominated by nearest neighbor interactions such as inter-
actions between the two protons in a methylene group and
is not, therefore, very sensitive to longer range secondary
or tertiary structure of the protein. Applying the correction
for methyl group rotational jumps makes the distribution
of the second moment bimodal, with the first peak corre-
sponding to mostly CH and CHj; protons and the second
one to CH, protons. Consequently, the relative amplitude
of the first peak in this distribution is larger than the weight
of the second peak. A similar calculation was reported [21]
and referred to the dipolar energy that enters the intramo-
lecular rotational spin-lattice relaxation equation [22]
which differs from the present values of the second moment
[23] by the numerical factor of 10/3.

In general, the calculation of the protein second moment
is made by taking the time average of (1 — 300s20jk) and 7;,(6
in Eq. (2) since protein side-chain and back-bone protons
can participate in fast motions, and after that averaging
over all possible powder orientations. The accuracy of this
calculation depends on the accuracy of Ffjf determination
that are deduced from solution NMR structures or XRD
spectroscopy with the certain assumptions that are made
about bond length and angles relating hydrogens to heavier
atoms that can be seen by XRD. A few M, values greater
than 3 x10'°s72 are not shown in Fig. 6 and were dis-
missed in the calculation since they corresponded to unre-
alistically close proton—proton separation.



G. Diakova et al. | Journal of Magnetic Resonance 189 (2007) 166172 171

140

120

M, x 1010, -2

100

80 1.5 2 25
r, Angstrom

Count

60

40 |

20

0 05 1 15 2 25 3 35 4 4.5

M, x 10710 s2

Fig. 6. Calculated distribution of the second moment based on human
serum albumin PDB structure 1E78. It was assumed in this calculation
that all protein protons are rigid and the few values greater than
3% 10572 are not shown. The inset illustrates the dependence of the
second moment on the intermoment distance.

If one neglects probable dynamical averaging, compari-
son of this computed second moment with the measured
values for the lyophilized state provides a crude estimate
for the magnitude of the structural change on hydration.
The changes will not derive from the distances of protons
bonded to the same atom, i.e, CH, or CH; functions, but
from the next nearest proton distances. Fig. 6 (inset) sug-
gests that the average change is small, of order 0.1 A or
so, which is an upper bound because this comparison
neglects likely motional averaging effects. This structural
change constitutes approximately 24% of the decrease in
the second moment observed on hydration. The observa-
tion of the structural changes on hydration is consistent
with previous X-Ray and nuclear magnetic relaxation dis-
persion reports [24-27]. The remaining 76% decrease in the
second moment is ascribed to the increase in motional free-
dom of protein protons.

Based on the measured value of the second moment for
a fully hydrated protein (gel) and the calculated rigid aver-
age value of the second moment, one can compute an aver-
age “‘collective” order parameter [21,28]. For lysozyme
(1ESL) this parameter, Sz = (M) g1/ (M2) 434> 1s €qual to
0.54 and it is equal to 0.58 for BSA. It is not clear how
to interpret this global value of the order parameter even
though it may be accounted for by small displacements
of order 0.1 A. One expects that surface residues will suffer
greater displacements than interior core residues or back-
bone N-H protons, but this simple solid state measurement
does not provide resolution to make this distinction.

The free induction decay for the variously hydrated pro-
tein may be used to extract the water content from the ratio
of the slowly decaying transverse component to the total,
extrapolated to zero time. Indeed, NMR has been success-
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Fig. 7. The water content determined from the ratio of the slowly
decaying portion of the 'H FID to the total extrapolated initial amplitude
as a function of the analytically determined mass per cent water in
variously hydrated BSA () and hen egg white lysozyme (©) powders.
The solid line with the slope of 1 is drawn for reference.

fully used to estimate liquid fractions in dynamically heter-
ogeneous materials such as fats for many years [29-31].
This approach applied to the present protein samples is
summarized in Fig. 7. If the spectroscopic and gravimet-
ric/analytical measurements are exactly equivalent, a linear
dependence with a slope of unity should result as shown by
the solid line in Fig. 7. A difference between the analytical
and the spectroscopic measurement is expected if water is
not mobile at low hydration levels and is essentially as
dynamically rigid as the protein. At lowest water contents,
the BSA and lysozyme samples show a negative deviation
indicating that at least some of the adsorbed water is suffi-
ciently rotationally immobilized on the protein to have the
same transverse decay as the protein protons. For albumin,
the difference is negative until nearly 15% water by mass
when it becomes positive and gradually increases until
reaching a plateau at approximately 30% water by mass.
For lysozyme, there is almost no difference between the
spectroscopic and the gravimetric/analytical measurements
until water content reaches 35% by mass.

A positive deviation of the spectroscopic measurement is
expected at high hydration levels when there is enough
water to mobilize some protein side chains so that the
side-chain protons contribute to the slowly relaxing trans-
verse component [15]. Both proteins show this positive
deviation at high water contents, but it is clear that lyso-
zyme requires much more water than BSA to mobilize
the protein side chains. Once the side chains are mobilized,
additional water will not increase this contribution. The
side-chain contribution will remain constant, but the water
proton contribution will increase linearly with increasing
water content. Therefore, the side-chain contribution to
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the slowly relaxing component will decrease as can be seen
in Fig. 7 for the BSA data.

4. Conclusion

Studies of the proton second moment provide a sim-
ple and efficient means for monitoring structural and
dynamical changes in proteins as a function of hydration
level. For both bovine serum albumin and hen egg white
lysozyme, the second moment of the rapidly decaying
component of the FID decreases with the increase of
the hydration level that indicates “‘swelling” of the pro-
tein structure and increase in motional freedom of the
protein protons. Nevertheless, the two studied globular
proteins exhibit qualitatively different changes in the sec-
ond moment. This difference was attributed to the differ-
ent effective charge distribution on the proteins. In the
cross-linked protein gels, which have the same hydration
level as protein solutions of the same composition, the
second moment was found to be somewhat less than
in the protein powder hydrated at 100% relative
humidity.

It was found that at the lowest hydration levels, the
water protons are dynamically indistinguishable from those
of the protein, which causes a negative difference between
the apparent liquid content of the sample as determined
from decomposition of the FID and the gravimetric water
contents. At higher hydration levels, there may be a posi-
tive deviation when protein side-chains that move rapidly
contribute to the slowly decaying component of the trans-
verse magnetization decay.
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