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Abstract 

The analysis of the field dispersion of the *H-NMR longitudinal relaxation of water in lysozyme, bovine serum 
albumin (BSA), alkaline phosphatase and hemocyanin solutions was attempted. In all cases, two independent 

relaxation contributions are required in order to fit the data. For typical globular proteins, the shortest 
correlation time (10-s s) is identified with the rotational correlation time of the protein monomer. A second 
correlation time (lo-’ s) is attributed to protein polydispersity. 
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1. Introduction 

Nuclear Magnetic Resonance (NMR) relax- 
ation is a major technique for the assessment of 
the dynamic state of water and the extent of its 
perturbation in solutions and heterogeneous sys- 
tems [l-6]. However, despite the related inten- 
sive research, most of the previously identified 
outstanding problems in the field [7] are still 
subjects of debate. 
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East Mermaid Lane, Philadelphia, PA, 19118 (USA), Tel: 
(215) 233-6475. Mention of brand or firm names does not 
constitute an endorsement by the U.S. Department of Agri- 
culture over others of a similar nature not mentioned. 

NMR studies of protein hydration have mostly 
involved relaxation measurements of the ‘H, ‘H, 
and “0 nuclei of the water molecule, in this 
order of decreasing frequency of application. The 
analysis of ‘H-NMR data is complicated by 
cross-relaxation between water and protein pro- 
tons [8,9] as well as proton chemical exchange 
[36]. There is evidence that deuterium chemical 
exchange between ‘H,O and protein ionizable 
groups may significantly contribute to the *H- 
NMR relaxation of water [lO,ll] and needs to be 
taken into account. Oxygen-17, being unaffected 
by such complications, is the nucleus of choice for 
the study of protein hydration [12]. 

The usual approach to the study of protein 
hydration of NMR is the measurement of NMR 
relaxation times as a function of temperature 
[2-51, protein concentration [4,6] and magnetic 
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field strength [13-151. The latter type of experi- 
ment requires specialized field-cycling instrumen- 
tation ([14,15] and references therein) that is not 
widely available; with such equipment one can 
readily measure proton or deuterium T,‘s (but 
not T2’s) as a function of magnetic field strength. 
The fast NMR relaxation of oxygen-17 nuclei 
precludes similar “0-NMR measurement, As a 
result, there are limited “0-NMR field disper- 
sion data that have been obtained by conven- 
tional, single-field NMR spectrometers which de- 
scribe only part of the frequency dependence 

WI. 
The general observation in NMR frequency 

dependence experiments is that, in the presence 
of a protein, the longitudinal NMR relaxation 
rate R, = l/T, of water nuclei is field-indepen- 
dent at very low NMR frequencies; it gradually 
decreases with increasing magnetic field 
strength/NMR frequency and finally it becomes 
field-independent. Its high-frequency value is 
higher than the frequency-independent relaxation 
rate of pure water and the inflection point of the 
dispersion is related to the protein rotational 
correlation time [12-141. Field dispersion data 
are valuable because they fully describe the spec- 
tral density function(s) that characterize the vari- 
ous dynamic processes in the system which are 
responsible for NMR relaxation. In the case of a 
globular protein in solution, water molecules are 
generally thought to exchange between a ‘free’ 
(bulk water) and a ‘bound’ (hydration water) state 
with an approximate lifetime of 1O-5-1O-6 s [2]; 
‘bound’ water molecules also reorient with the 
protein (correlation time of the order of lo-‘- 
10Wg s) and diffuse along the protein surface on a 
timescale of lo-’ s [2,37]. Other possible dynamic 
processes that involve ‘bound’ water molecules 
include the motion (lO-‘“-lO1’ s) of hydrated 
protein side chains [49,501, the fast rotation (lo- l1 
s) of water molecules around their bonding axis 
to the protein surface [7] and the chemical ex- 
change (lop4 s) of hydrogen between water 
molecules and protein ionizable groups as well as 
that between ‘bound’ and ‘free’ water molecules 
[2,36]. These timescales should be compared to 
the translation/rotation of ‘free’ water molecules 
(10-r’ s) and the proton exchange between ‘free’ 

water molecules with a lifetime of the order of 
10m4 s 12,361. The contribution to the NMR relax- 
ation due to motions faster than lo-” s is fre- 
quency-independent in the experimentally acces- 
sible NMR frequency range. 

Previous estimates of protein rotational corre- 
lation times from field dispersion data have 
yielded conflicting and unrealistically high values 
[lo-15,391. It is the purpose of the present study 
to re-evaluate the available *H-NMR field dis- 
persion data in an attempt to reconcile the analy- 
sis results with the known protein physico-chem- 
ical properties. 

2. Theory 

The simplest possible model of protein hydra- 
tion is a two-state one where water exchanges 
chemically between a dilute B (‘bound’) and an 
abundant F (‘free’) state; the observed longitudi- 
nal relaxation time will then be [38]: 

1 pa PF -=- 
T 1,obs TIB+Tm 1F +T 

where P, and P, are the ‘bound’ and ‘free’ 
fractions of total water (Pn + P, = 1; P, S P, - 
1) and T,,, is the lifetime of a water molecule in 
the ‘bound’ state. An underlying assumption in 
the derivation of eq. (1) is that Trn c Trr, a 
condition readily fulfilled in the case of *H-NMR 
of typical globular proteins where T,B - lop4 s 
and T,F - 10-l s. Since T,, N 10m4 s B 7, - 10m6 
s (fast exchange condition), eq. (1) is simplified to 

(2) 
where the relaxation times have been replaced by 
the corresponding relaxation rates (R, = l/T,) 
and the frequency-dependent relaxation rates 
R 1,obn and RIB are distinguished from the fre- 
quency independent R,,. According to the gen- 
eral theory of quadrupolar relaxation through 
molecular reorientation [16]: 

0.2 
Rm(@) =a+p -+ 

1+ Cl&* (3) 
c 
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In eq. (3), all possible frequency-independent 
contributions to R,, are lumped together in (Y. 

If the motion of ‘bound’ water is kotropic, 
then 

(4) 

Alternatively, if water molecules ‘bound’ to 
the protein can rotate anisotropically with a slow 
(ns) and a fast (ps) motion [7,10-12,461, then 

3P2 21+3 
K2S27 

P=,,z2(2z-l) Bs (5) 

where o = 2~ is the angular precession fre- 
quency, v being the NMR frequency used, 7, = r as 
is the correlation time associated with the 
nanosecond motion of ‘bound’ water, 1 is the 
nuclear spin quantum number, K = e2qQ/h is 
the nuclear quadrupole coupling constant, 17 is 
the asymmetry parameter for the electric field 
gradient at the nucleus, and S is the order pa- 
rameter that describes the orientation of water 
near the protein surface. In the case of 2H-NMR 
relaxation measurements, I = 1, K = 216.4 kHz 
and 77 = 0.1 [171. For isotropic binding S = 1; in 
the anisotropic case, estimates of S range from 
0.12 to 0.23 [6]. 

Three independent dynamic processes need to 
be considered for the ‘bound’ water molecules: 
radial diffusion perpendicular to the protein sur- 
face (i.e., ‘bound-‘free’ chemical exchange), lat- 
eral diffusion parallel to the protein surface, and 
the rotation of the protein itself [18]; they are 
characterized, respectively, by the correlation 
times 7rad, T,~~, and alar. Then 

1 1 1 1 
-= -+-+- 
TBS 'rad T1at Trot 

A consequence of eq. (6) is that, as intuitively 
expected, the fastest of the dynamic processes 
mentioned above dominates the observed field 
dispersion. Since for a moderately sized globular 
protein 7rot - lo-’ s < T],~ N lo-’ s < T,,~ N 10W6 

s cTrad being essentially the lifetime of a water 
molecule in the ‘bound’ state) it follows that 

‘Bs N r,,t; indeed, data show an increase of 7Bs 

with protein size [14]. 
In the case of more than one relaxation contri- 

butions 

R 1,obs = CRt(o, 7ci) 

where 

R,(w, T,~) =A + B 
0.2Tci 

1 +0272. + 

0.8~~~ 

‘I 1 + 4wV. CI 

e-9 
This may be the case for coexisting protein species 
(e.g., monomer and oligomer) where distinct pop- 
ulations of ‘bound’ water need to be considered. 
The high protein concentrations that are being 
used for NMR relaxation measurements of pro- 
tein hydration (typically lo-20%) can lead to 
protein aggregation due to protein-protein inter- 
actions [6,11] even under experimental conditions 
that favor monomer formation. 

3. Methods 

3.1 Relaxation data 

In the present study we have made use of the 
deuterium field dispersion data for hen egg-white 
lysozyme, Helix pomatia cu-hemocyanin, and E. 
coli alkaline phosphatase reported by Koenig and 
coworkers [9,13,14] and those for bovine serum 
albumin (BSA) at various protein concentrations 
reported by Schauer et al. [15]. Data were ob- 
tained from enlarged field dispersion figures from 
the original reports, using a coordinate digitizer 
interfaced to a Modcomp classic minicomputer to 
maintain a high degree of precision. 

Lysozyme undergoes reversible association- 
dissociation in the pH range from 5 to 9 that 
depends on ionic strength, temperature, and pro- 
tein concentration ([22-241 and references there- 
in). At pH 4.6 and 22°C lysozyme is predomi- 
nantly in the monomeric form; high protein con- 
centrations (e.g., 210 mg/ml), low temperatures 
(e.g., 4°C) and the absence of salt are expected 
for favor protein aggregation [22,23,11]. 



In order to extend the field dispersion data 
sets for lysozyme reported by Koenig et al. [13] to 
higher NMR frequencies, additional deuterium-T, 
measurements by inversion recovery were carried 
out at 22 1_ 1°C and 5 k 2°C using a Bruker 
MSL300 (46.07 MHz) and a JEOL GX400 (61.37 
MHz1 spectrometer. Lysozyme (Sigma, St. Louis, 
MO) was dissolved in 80% ‘H,O-20% ‘Hz0 to 
a spectrophotometrically determined (EiTm = 26.0 
at 280 nm) concentration of 214 mg/ml; its pH 
was adjusted to 4.55 with 2N HCl (uncorrected 
pH meter reading). The’ measured solvent relax- 
ation rates at 22°C (2.5 s-l) and 5°C (4.7 s-r) 
were identical to those in the original report [14]. 

E. coli alkaline phosphatase in 0.25 M Tris 
solutions at pH/pD 7.5-8.0 and 5°C is predomi- 
nantly a dimer with a molecular weight of 85,000 
[26,27]. 

The pH/pD of the bovine serum albumin so- 
lutions in *Hz0 was not provided in the original 
report 1151, thus not allowing an estimate of the 
protein’s conformation/state of aggregation. In 
the absence of any pH/pD adjustment, the sam- 
ple’s pD should be around 6. The molecular 
weight (MW) of monomeric BSA is 66,000 a.m.u. 
but it is known that lyophilized BSA preparations 
also contain considerable amounts of dimers and 
higher polymers [281. 

The experimental conditions during the cu-he- 
mocyanin measurements (Fig. 2) favor the undis- 
sociated (MW _ 9 106) protein [30,32]. The com- 
bined effect of temperature (25°C) and pH/pD 
(ca. 7.5 if corrected for the isotopic composition 
of water) may result in approximately 10% disso- 
ciation to half molecules [30,31]. 
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Information about the size and shape of the 
proteins used in the present study is summarized 
in Table 1. 

3.2 Data analysis 

We have modelled the field dispersion data 
with eq. (81, i.e. 

R, =A +Bf(w, 7,) 

where 

(9) 

f(w, rcc) = 
0.27, 

p+ 
0.87, 

1 + ozr* 1+ 4w*r* (10) 
c c 

and also with an extension of it, 

R, =A +B,f(w, rc,) +B,f(w, r,~) (11) 

and for certain samples that showed a distinct 
low-field dispersion (i.e., 25% or 33% w/w BSA 
-see Fig. 4) that are presumably due to pro- 
nounced protein aggregation the expression 

R, =A +B,f(w, r,r) 

+B,f(o, r,*) +B,f(o, rc3) (12) 

Nonlinear regression analysis of all field dis- 
persion data was performed using the RS/l soft- 
ware package (BBN Software Products, Cam- 
bridge, MA). Calculations were carried out on a 
VAX 8350 computer. For the various comparison 
of the goodness of fit, the F-test was used [34] 
with the following F-value: 

F= 
(SSR, - SSR,)/(4-* - dfi) 

SSWdf, 
(13) 

Table I 

The size and shape for the proteins at the employed experimental conditions 

Protein 

Lysozyme 

Alkaline phosphatase 

BSA 

Aggregation state (MW, Da) 

Mostly monomer (14,300) 

Mostly dimer (85,000) 

Monomer (66,000) plus 
aggregates of unknown size 

Shape and Size [Ref.] 

Prolate ellipsoid 45 x 30x 30 Aa [13,25] 

Compact sphere, 60 i diameter ’ [14,26,33] 

Prolate ellipsoid (monomer), 141 x41 x41 A” [15,28] 

Hemocyanin 90% undissociated (9 106) Hollow cylinder, height x diam. = 380 ~300 A a [13,29,31] 

a Excluding water of hydration; a 3-A thick ‘bound’ water layer must be also taken into consideration. 

b Hydrated. 
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where SSR refers to the sum of square of the 
residuals and df to the number of the degrees of 
freedom (number of data points minus of fitting 
parameters). The subscript ‘1’ refers to the sim- 
pler model, the one with the fewer parameters. 
F-distribution tables [35] were consulted for (df, 
- df,) and df2 degrees of freedom at the 10% 
and 5% levels of statistical significance (typical 
error in T, measurements). 

4. Results and discussion 

4.1 Evaluation of the results 

The results of the field dispersion data analysis 
according to eqs. (9)-(12) are provided in Tables 
2-4; fittings are shown in Figs. 1-4. The F-test 
showed that more than a single dispersion is 
required in all cases (1% level or below). 
Lysozyme, phosphatase, 10% BSA, and hemo- 
cyanin data require five-parameter fittings (Table 
3) whereas seven-parameter fittings are required 
for 25% and 33% BSA (Table 4). 

The large errors in TV for some data sets (i.e., 
lysozyme at 22°C and 25% or 33% BSA) are most 
likely due to the small number of data points 
(Fig. 1A) and/or their significant scattering in 
the particular frequency range (BSA). This may 
also be the reason for the apparent discrepancy 
in 7, values for lysozyme in Table 3 where 7, 
decreases with decreasing temperature; addi- 

tional measurements at the high-frequency end of 
the dispersion are required for an unambiguous 
determination of 7,‘s for lysozyme at 22°C. 

The 10% BSA data may actually require three 
dispersions but the considerable noise at low 
frequencies does not allow a six- or seven-param- 
eter fitting. The effects of polydispersity are most 
pronounced for the 33% BSA sample which re- 
quires a seven-parameter fitting (Table 4). The 
results for the 25% BSA sample are out of line 
from those obtained for 10% and 33% BSA (Ta- 
bles 3 and 4). Extensive aggregation during sam- 
ple handling (evident as a pronounced low fre- 
quency dispersion that is absent from the other 
BSA data sets) may be the reason; the 25% BSA 
results were not considered during the data anal- 
ysis. 

4.2 Correlation times 

Estimates of T,~ for the various proteins (Ta- 
ble 5) are in good agreement with the shortest 
correlation times 7el that we obtained: 18.7 ns for 
lysozyme at 4°C (Table 3), 82.7 ns for alkaline. 
phosphatase (Table 3) and 40.3-47.4 ns for BSA 
(Tables 3 and 4); hemocyanin (Table 3) is a 
notable exception as discussed below. For typical 
globular proteins, the shortest correlation time 
7ccl obtained from the field dispersion of 2H-NMR 
longitudinal relaxation can be identified with the 
correlation time for isotropic protein rotation, 
‘Taco. It should be noted that the obtained TV, for 

Table 2 

Results of Three-Parameter Nonlinear Regression Analysis (single dispersion-eq. 9) of the frequency dependencies of *H NMR 
longitudinal relaxation rates for certain protein solutions 

Protein Fitting parameters SSR a 

A@.-‘) B(x 109) rc (ns) 

Lysozyme, 22°C 4.62~0.33 0.46 kO.03 28.6+ 1.8 3.39 
Lysozyme, 4°C 10.15 *0.66 0.47 io.03 79.4* 4.7 26.46 
Alk. phosphatase, 5°C 6.2250.19 0.08 *0.01 108.8* 6.3 1.08 
10% (w/w) BSA, 18°C 6.50 k 0.59 0.17 kO.02 107.8k 9.9 30.80 
25% (w/w) BSA, 18°C 13.48 i 2.40 0.31 *0.04 216.2k25.4 602.36 
33% (w/w) BSA, 18°C 18.33 + 1.73 0.36 kO.02 310.9+ 17.5 885.55 
Hemocyanin, 25°C 4.54 * 0.34 0.036 zt 0.007 867.8 + 29.5 38.75 

a Sum of squares of the residuals, sum [(R,,mcas - Rl,calc)Zl; RI,caIc obtained from eqs. (9), (10) and the fitting parameters of this 
table. 
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Table 3 

Results of five-parameter nonlinear regression analysis (two-dispersions-eq. 11) of the frequency dependencies of *H NMR 

longitudinal relaxation rates for certain protein solutions 

Protein Fitting parameters SSR a 

A(s-‘1 B, (x 109) rcl (ns) B, (x 10’) rcz (ns) 

Lysozyme, 22°C 4.28 f 0.26 o.so* 0.04 20.2* 3.7 0.04 *0.05 82.9* 40.5 1.46 

Lysoxyme, 4°C 8.02 * 0.55 0.48 f 0.08 18.7k 5.6 0.30 *o.os 103.4* 9.4 6.33 

Alk. phosphatase, 5°C 5.93+0.14 0.09* 0.01 82.7+ 8.0 0.004 f 0.002 472.4* 162.2 0.28 
10% (w/w) BSA, 18°C 4.97 f 0.61 0.26* 0.04 40.3 f 11.4 0.04 kO.02 227.7+ 57.8 12.87 

25% (w/w) BSA, 18°C b 11.76* 1.04 0.37f 0.02 161.2 f 10.3 0.003 f 0.001 4,605.4+ lJ44.4 85.11 
33% (w/w) BSA, 18°C 10.88 + 2.24 OSOf 0.10 63.7 f 19.2 0.20 f0.03 438.6f 43.8 373.53 
Hemocyanin, 25°C 3.55 f 0.46 0.03 f 0.01 187.9 f 84.9 0.024 f 0.004 1,072 + 93.3 23.59 

a Sum of squares of the residuals, sum [(R,,meas - R,,c,,,)Z]. 
b The measured R, values below 10 KHz have been replaced by their average. 

10% BSA (Table 3) and 33% BSA (Table 4) are 
in very good agreement; a slightly longer rrot is 
expected for the more concentrated BSA solution 
as a result of increased intermolecular protein- 
protein interactions (eq. 4 in ref. [61). 

Although three different 7c0t are required to 
describe the rotation of a nonspherical protein, it 
is unlikely that these three molecular rotations 
may be resolved experimentally 1391. The calcu- 
lated 7Cz may not be related with the second 

Table 4 

Results of seven-parameter nonlinear regression analysis 
(three dispersions-eq. 12) of the frequency dependencies of 
‘H-NMR longitudinal relaxation rates for BSA solutions 

Protein 

25% BSA, 18°C ’ 

Fitting parameter a 

A = 8.31* 1.65 s-‘, 
B, = 0.45 f 0.29, 

rcl = 17.7* 14.0 ns, 
8s = 0.31 f 0.04, 

SSR b 

52.12 

7c2 = 184.7 k 17.9 ns, 
B, = 0.003 &-0.001, 

7,s = 4,929.4+ LllS.8 ns 

33% BSA, 18°C A=10.02+2.25~-‘, 

B, = 0.52& 0.13, 281.50 
7c, = 47.7* 15.9 ns, 

B, = 0.25 f 0.04, 
r,* = 360.4 f 44.2 I-IS, 

B, = 0.002 + 0.002, 
7c3 = 4,407.l f 3,238.l ns 

a B values must be multiplied by 10’. 
b Sum of squares of the residuals, sum [(RI,meas - Rl,calc)Zl. 
’ The measured R, values below 10 KHz have been replaced 

by their average. 

I 
0.01 0.10 1 .oo 1o.w 100.00 

FREQUENCY (WI@ 

Fig. 1. The field dispersions of *H-NMR longitudinal relax- 
ation for hen egg-white lysozyme solutions (210 mg/ml, pH 
4.6) at 22°C (A) and 4°C (B); the relaxation rates were 
measured in a solvent mixture of 80% ‘H,0/20% ‘H,O. 
The solid double curves result from least-squares fittings to 
the data points (from Figs. 2, 3 of Ref. [13] plus new data at 
46.07 and 61.37 MHz) according to eq. (11). The fitting 
parameters are given in Table 3. In every case, the dotted and 
broken curves represent the separate contributions A + 
Bfb, T,,) of each single dispersion of eq. (11) that correspond 
to 20.2 and 82.9 ns (22°C) or 18.7 and 103.4 ns (4”C), respec- 
tively. The solid straight lines correspond to the ‘H-NMR 
relaxation rates for the protein-free solvent. The arrow in (A) 
points at a curve feature that may be due to slowly tumbling 
protein aggregate(s) with a 7c of ca. 520 ns which, however, is 

statistically insignificant. 
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0.001 0.010 0.100 1 .ooo 10.000 

FREQUENCY (MHz) 

Fig. 2. The field dispersion of ‘H-NMR longitudinal relax- 
ation for a Helirpomatia cu-hemocyanin solution (30.6 mg/ml) 

in 0.1 M phosphate buffer (pH 7.0) made in a solvent mixture 
of 80% ‘H,0/20% ‘H,O at 25°C. Data were obtained from 
Fig. 3 of Ref. [13]. The solid double curve represents the 
four-parameter fitting according to eq. (11) with parameters 
from Table 3; the dotted curve is the three-parameter fitting 

(eq. 9) with parameters from Table 2. 

rotational correlation time of ellipsoid protein 
molecules: TJ~~ (Table 6) is significantly closer 
to unity than 7C,/~e2 (Tables 3, 4) in all cases. 
The mere fact that dispersion data for the spheri- 
cal alkaline phosphatase still requires two corre- 
lation times suggests that 7C2 is unrelated to the 
(anisotropic) rotation of protein monomers. 

4 
0.001 0.010 0.100 1 .ooo 10.000 

Fig. 3. The field dispersion of ‘H-NMR longitudinal relax- 
ation for an E. coli alkaline phosphatase (0.3 mM) solution in 
0.25 M Tris, pH/pD 7.5-8.0 at 5°C. Data were obtained from 
Fig. 6 of Ref. [91; the ZH-NMR R, values of phosphatase 
samples with solvent D,O fractions of 0.93, 0.80 and 0.50, 
were averaged prior to data reduction. The five-parameter 
fitting (eq. 11, Table 3-solid double curve) is better (0.1% 
level) than the three-parameter fitting (eq. 9, Table 2-dotted 

curve). 

20. .. ~.., 

0, 
0.001 0.010 0.100 1.003 10.000 100.000 

FREPUENCV (MHz) 

Fig. 4. The field dispersion of ‘H-NMR longitudinal relax- 
ation for 10% (A) and 33% (B) w/w BSA solutions in D,O at 
18°C. The solid double curves are the (A) five- or (B) seven- 
parameter fittings to the data points (Fig. 2 of Ref. 1151); the 
fitting parameters are given in Tables 3 (10% BSA) and 4 
(33% BSA). The broken/dotted curves represent the individ- 

ual relaxation contributions (eqs. 11 or 12). 

The high protein concentrations that are re- 
quired in dispersion studies of NMR relaxation 
combined with the occasional absence of salt 
(which suppresses electrostatic protein-protein 
interactions) can lead to protein aggregation [6,11] 
even under experimental conditions that favor 
the protein monomeric form. Such appears to be 
the case for lysozyme 7C2 which may be identified 
with ~~~~ of lysozyme aggregates. This is consis- 
tent with the increase in the relative contribution 
to the dispersion of the slower 7C with decreasing 
temperature for lysozyme (B, vs. B, in Table 3) 
and with increasing protein concentration for BSA 
(B, vs. B, in Tables 3 and 4 for 10% and 33% 
protein, respectively). 

The correlation times 7cl and rCZ for hemo- 
cyanin (Table 3) are significantly shorter than T,~ 
(Table 5). The presence of a small fraction of half 
size (4.5 lo6 Da) hemocyanin molecules [30] in 
the sample whose T~,,~ may account for ~~~ cannot 
explain 7Cl. Based on the different timescales of 
the dynamic processes under consideration (see 
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Table 5 

Calculated and measured protein rotational correlation times 

the amount of ‘bound’ water. Specifically, if we 
assume an isotropic or an anisotropic model 

Protein TrO, (ns) 

Calculated a Measured ’ 

Lysozyme 
(monomer) 5.5 (22”(Z), 9.6 (4°C) 10 ‘, 7.4 or 4.7 ’ 

Alk. phos- 
phatase (dimer) 76.2 (5°C) Not available 

BSA (monomer) 63.0 (18°C) 41e, 62 ’ 

Hemocyanin 7,386.7 (25°C) Not available 

a In the case of ellipzoids (Table 1) considering a sphere of 
radius rs = R, + 3 A, R, being the protein radius of gyra- 
tion, from TV,,, = 4rrnr~/(3kT) where k = 1.38~ 10-lh 
erg.k-‘. The R, values used are 13.8 A (lysozyme-Refs. 
[12,25], 33 A (BSA-Refs. [12,19], and 184 a (hemocyanin, 
Ref. [41]); for alkaline phosphatase, rs = 33 A (Table 1). 
The viscosity of the various solvents at different tempera- 
tures were obtained by linear intrapolation from data in the 
CRC Handbook of Chemistry and Physics 67th edn. (ed. 

R.C. Weast). The isotopic composition of the solvent was 
taken into account, assuming that, as at 25”C, ‘HZ0 is 23% 
more viscous than ‘H ,O. The solvent n values (in CP) used 
in the calculation of 7r0, were: 1.855 and 1.130 (lysozyme at 
4 and 22”C, respectively, 1.944 (alkaline phosphatase), 1.295 
(BSA), and 1.109 (hemocyanin). 

’ Reported values can be directly compared to ‘ra, obtained 
from NMR: they are one-third of the corresponding Debye 
correlation times obtained from dielectric relaxation or light 

scattering [16,20,21,39]. 

CB, = g ,;j:;~l) P( 1 + T)PB (14) 
i 

or 

where P, is the number-average fraction of 
‘bound’ water for the coexisting protein species. 
From eqs. (14) and (19, P, can be estimated and 
the amount its of ‘bound’ water (g 2H20/100 g 
protein in a system containing C g protein/ml or 
W g protein/100 g will be given by: 

nH=pB(l-wf 
C 

100 

or 

’ From light scattering, according to 7r01 = (6D,,,)Y1, for 15% 
protein at 20°C 1401. 

d From 170-NMR: 7.4 ns for 8% protein at 27°C (in the 
absence of salt) and 4.7 ns for 10% protein in 0.1 M NaCl 
at 21°C [ll]. 

e From dielectric relaxation, as ~/3 (see above) for 1% 
protein at 23°C [43]. 

100 - w 
nH =P,- 

W 
100 (17) 

where v is the protein’s specific volume and p 
the density of *H,O (- 1.1 g/ml); a correction 
factor for the solvent’s isotopic composition may 
be required (1.25 for 80% 2H20-20% ‘H20). 
The so calculated amounts of ‘bound’ water for 
different S-values are given in Table 7. The re- 
sults may underestimate (monomer) hydration 

r From dielectric relaxation, as the one-third of the harmonic 

mean of TV, and 7,*, for ca. 10% protein at 25°C [42]. Table 6 

Introduction) one may identify TV, for hemo- 
. . 

cyamn with T,~~. The hemocyanin 7,0t is suffi- 
ciently slow so that the contribution of lateral 
diffusion to 7as may become dominant (eq. 161). 
The longest (11s range) correlation times for 25% 
or 33% BSA (Table 4) are peculiar to these 
samples and should be attributed to protein ag- 
gregation. 

Calculated rotational correlation times of proteins modelled 
as prolate ellipsoids of revolution a 

Protein 

Lysozyme 

16.7 (4°C) 19.2 16.7 

BSA 54.8 (18°C) 134.9 62.6 

4.3 Estimates of hydration 

An inspection of eqs. (2)-(5) and (lo)-(12) can 
relate the fitting parameters Bi (i = 1, 2,. _ .) with 

a According to Perrin as corrected by Koenig [44], for rota- 
tion about the long (r2) or the short (7,) axis. The molecu- 
lar dimensions of Table 1 were increased by a 3-A solvent 
layer. 

b The isotropic correlation time 7” for a sphere of equal 
volume to an ellipsoid of long axis 2a and short axis 26, is 
given by r0 = 4nnab2/(3kT); the viscosity values n used 
are those of Table 5. 

(15) 

(16) 

Correlation times (ns) 

70 
b 

71 ‘2 

9.6 (22°C) 11.0 9.6 
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(19,20,28,39,41] when some protein is in the form 
of aggregates. As expected, hydration decreases 
with increasing temperature (lysozyme), and in- 
creasing protein concentration (BSA) when pro- 
tein-water interactions are being replaced with 
protein-protein interactions. 

Recent studies of protein hydration in solution 
by multi-dimensional NMR techniques [47,481 
have identified water molecules buried in the 
protein interior that stabilize the protein confor- 
mation through hydrogen-bond bridges and which 
constitute an integral part of the protein struc- 
ture [l]. Their number (of the order of 10 
molecules/molecule of medium-sized protein) is 
but a smaI1 fraction of general protein hydration 
estimates (typically 33 g ‘bound’ water/100 g of 
protein or 300 molecules/molecule of medium 
sized protein-ref. [39]). Interestingly, it agrees 
well with hydration estimates from field disper- 
sion data (Table 7) for S = 1, i.e. for isotropic 
motion of ‘bound’ water. It is likely that the 
observed NMR field dispersion of protein solu- 
tions is due to this irrotationally ‘bound’ water 
that tumbles isotopically with the protein 
molecules. Other hydration water molecules at 
the disordered and dynamic protein surface must 
have correlations times shorter than 1 ns [47,48], 
comparable to the correlation times (10-100 ps) 
of mobile protein side chains [49,50] whose field 
dispersion is beyond the experimentally accessi- 
ble NMR frequency range. 

5. Conclusions 

In the past, field dispersion data for protein 
solutions have been fitted well by the Cole-Cole 
equation [9,14] which being simply heuristic, has 
no a @on’ validity. The so obtained correlation 
times T, = (2nv,)-’ (159 ns or 61 ns for lysozyme 
at 4 or 22X, respectively, 175 ns for alkaline 
phosphatase and 1,616 ns for hemocyanin-refs. 
[9,13,14]) are approximately twice as long as our 
single dispersion results (Table 2) which, with the 
exception of hemocyanin, already exceed our best 
estimates of T,,,~ (Table 1). 

Recently, Schauer et al. [IS] modelled the 2H- 
NMR T, dispersion of, among others, protein 
solutions using a single dispersion. They found a 
correlation time of 2.7 lo-’ s for BSA at 18°C 
(comparable to our single dispersion results-Ta- 
ble 2) which they identified with T,,~ without 
explaining the difference from the known 7,,_ N 40 
ns of BSA monomers [39]. In their fittings (Fig. 2 
of ref. [IS]), T,‘s for protein solutions are system- 
atically overestimated below the inflection fre- 
quency and underestimated above it, as in Figs. 2 
and 3 (single dispersions) of the present study. 

The need for an additional contribution to 
NMR relaxation in order to fit the deuterium T1 
field dependence data for protein solutions has 
been previously identified [lo]; the second relax- 
ation component was attributed to deuterium 
chamical exchange between 2H20 and protein 

Table 7 

Estimates of protein hydration from the ‘H NMR T, field dispersion data 

Protein Protein concentration Hydration a (g *H,O/lOO g protein) 

S=l.OOb S = 0.12 b S = 0.23 b 

Lysozyme, 22°C 210 mg/ml 0.4 30.2 8.2 
Lysozyme, 4°C 210 mg/ml 0.6 43.6 11.9 
Alk. phosphatase, 5°C 0.3 m M, 25.5 mg/ml 0.7 39.8 10.0 

10% BSA, 18°C 10 mg/90 mg ‘H,O 0.4 27.1 7.4 
33% BSA, 18°C 33 mg/67 mg ‘H,O 0.2 15.6 4.7 

Hemocyanin, 25°C 30.6 mg/ml 0.3 23.7 6.5 

’ Calculated from the B, values of the best fittings according to eqs. (14)-(17). The specific volume of lysozyme is 0.70 ml/g; that 
of the other proteins 0.73 ml/g. 

b Order parameter for the isotropic (S = 1) or anisotropic (S < 1) motion of water molecules ‘bound’ to the protein. 
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ionizable groups on the basis of the observed 
difference(s) between the 2H and “0-NMR nor- 
malized (mostly transverse) relaxation rates 110, 
111. Recently, the occurrence of proton chemical 
exchange in protein solutions has been demon- 
strated by ‘H-NMR transverse relaxation meas- 
urements [36]. Transverse relaxation is sensitive 
to slow motions such as hydrogen chemical ex- 
change (timescale of 10T4 s-see Section 1) at all 
NMR frequencies as a result of its zero-frequency 
spectral density term. Longitudinal relaxation on 
the other hand is brought about by motions near 
the Larmor frequency (or its double) and should 
be little affected by slow processes (such as chem- 
ical exchange) at NMR frequencies well above 10 
KHz. Indeed, there is no evidence of ms motions 
for any sample (Tables 2-5) and the lack of data 
around 1 KHz makes deuterium chemical ex- 
change an unlikely contributor to the deuterium 
T, field dispersion of protein solutions in the 
frequency range 0.1-10 MHz. 

Estimates of rut from the measured transla- 
tional diffusion D,,, of water molecules near a 
protein (BSA) surface [37] yield rut = 7’/6 Dldr 
N 6 ns, a considerably shorter value than TV, 
obtained from the analysis of the ‘H-NMR T, 
field dispersion data for hemocyanin. However, 
this value (6 ns) refers to an average distance of 
10 A from the protein surface and is most likely 
intermediate between that of free water and the 
rut in the immediate vicinity of the protein sur- 
face. 
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