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Abstract 

The triple-quantum filtered (TQF) spin-echo signal of ” O-water, in the presence of proteins, was analysed to yield 
estimates of the number of weakly, and strongly bound water molecules. The analysis used a constrained direct iterative 
regression procedure with a three-state model of fast-exchange. Thus, the population size of free, weakly. and strongly 
bound water were determined simultaneously. The two fractions of the bound water were estimated by using correlation 
time(s) estimated in other studies. Bovine serum albumin (BSA). basic pancreatic trypsin inhibitor (BPTI), lysozyme and 
oxyhaemoglobin were studied. Of the four proteins. BSA contained the largest number of strongly and weakly bound water 
molecules. there being - 30 of the former and - 3000 of the latter under conditions of high protein concentration. The 
correlation time of the proteins increases with their concentration in solution. and when this was taken into account for BSA 
the estimated number of strongly bound water molecules did not change significantly. This NMR technique, and data 
analysis, will probably also be useful in studies of water binding and mobility in various systems including hydropels, 
protein networks. membranes, cells and tissues. 0 1997 Elsevier Science B.V. 

Ke~~o&s: Bound water; Hydration; NMR: “O-water: Protein-water interaction: Triple-quantum filtered spectra 

1. Introduction apparent when suspensions of erythrocytes [7.8] or 

Water is the major component of living systems 
where it plays an important role in a myriad of 
processes both inside and outside cells. Thus, numer- 
ous studies have been performed over many years to 
determine the properties and activities of water, es- 
pecially its interactions with various biomolecules 
[l-6]. One way of ‘seeing’ that the properties of 
water inside cells is different from outside is via the 
NMR ‘split peak phenomenon’ [7,8]. This effect is 

other cells [9] are supplemented with certain phos- 
phorus compounds such as hypophosphite 
(H ?j’ PO; >, fluorinated compounds such as 3-“F-3- 
deoxy-D-glucose [IO], and compounds such as ‘jC- 
formate [I I]; separate resonances (peaks) from the 
nuclear populations inside and outside the cells are 
seen in the respective NMR spectra. The fact that the 
NMR-receptive nuclei resonate at different frequen- 
cies, inside and outside the cells, has been shown to 
be primarily a solvent effect. rather than an effect of 
different magnetic susceptibilities inside and outside 
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the cells, although this may pertain as well. The split 
peaks are a manifestation of the altered average 
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extent of hydrogen-bonding between solutes and wa- 
ter inside the cells, brought about by the relatively 
high protein concentration inside [ 121. The motiva- 
tion of the present work was the quest for an altema- 
tive means for probing the interactions of solutes and 
water in cellular systems, as part of a more general 
physical-chemical characterisation of cells (e.g.. 
[131X 

The simplest model of water in biological systems 
has three different physical states, namely free water, 
water weakly bound to biomolecules (or vicinal wa- 
ter). and water that is strongly bound [I]. The free 
water is regarded as being unperturbed. since its 
properties are similar to those of pure water; on the 
other hand, strongly bound water is envisaged as 
being tightly bound to biomolecules via hydrogen 
bonds and thus has a long correlation time. It is 
supposed that weakly bound water is primarily asso- 
ciated with biomolecular surfaces [4]. Such water 
molecules are known to be numerous but their resi- 
dence time at the surface sites is short, with correla- 
tion times that lie between those of pure water and 
strongly bound water. 

In previous work [6], we studied the binding of 
“O-water in protein solutions by analysing the relax- 
ation of transverse and longitudinal nuclear-magnetic 
coherences that were subjected to a triple-quantum 
filter (TQF). These analyses proved to be useful for 
estimating the population size of strongly bound 
water, since only highly immobilized water produces 
a TQF signal [5]. In the model adopted for the data 
analysis it was assumed that there are only two states 
of water (free and tightly bound) which undergo fast 
interchange. Although this two-state model is suffi- 
cient to account for the above properties of strongly 
bound water, the analysis was inadequate for charac- 
terising the free water. This shortcoming was mani- 
fested in the fact that the longitudinal relaxation 
rate-constant of free water, calculated from the data, 
was larger than that actually measured in a simple 
inversion recovery experiment on pure water. We 
attributed this discrepancy to the relaxation contribu- 
tions from vicinal or weakly bound water; in other 
words the two-state model is fundamentally inconsis- 
tent with the data. Thus, in the present work we 
extended the model, confirmed its utility in studies 
of water binding to BSA, and then applied it to three 
other proteins. 

A data regression procedure for analysing triple- 
quantum filtered (TQF) spin-echo signals was imple- 
mented and its utility for estimating the values of 
relaxation parameters was evaluated. Thus, analysis 
of the relaxation in the transverse plane of the TQF 
signal from “O-water was applied to solutions of 
bovine serum albumin (BSA), basic pancreatic 
trypsin inhibitor (BPTI), lysozyme and oxyhaemo- 
globin. 

2. Theory 

2.1. Basic pt-inciples 

The NMR relaxation behaviour of quadrupolar 
nuclei, such as those in “O-water, is best described 
by using the irreducible tensor operator formalism; 
comprehensive descriptions of the use of these oper- 
ators are found elsewhere [ l4- 161 so they are not 
dealt with in detail here. It is assumed in the follow- 
ing discussion that all relevant matrices are ex- 
pressed in this operator basis-set and that 
coherence-relaxation is due to quadrupolar coupling 
interactions. 

For a quadrupolar spin system with several states, 
undergoing fast chemical exchange, the relaxation 
rate constant for a given coherence order, ~1. is a 
weighted average relaxation rate constant of the dif- 
ferent states, i. [ 171. This is formally expressed by, 

R(“) 

where R is the Redfield relaxation matrix which 
contains terms involving quadrupolar coupling con- 
stants and spectral density functions, J, that are 
expressed in terms of the correlation time T,; R$!,,, 
is the resulting relaxation matrix; R!“) is the corre- 
sponding relaxation matrix for state i. in the absence 
of chemical exchange. For spin-$ nuclei. the relax- 
ation matrices are square with 5 X 5 dimensions. In 
the present NMR study, in which only odd-rank 
tensor-operators are important, the dimensions of this 
matrix can be reduced to 3 X 3 [ 151. The relaxation 
matrix R(‘I’ ,~,tcm has all the information that deter- 
mines the quadrupolar relaxation behaviour of the 
system; for example. parameters such as longitudinal 
and transverse relaxation rate constants, as well as 



those that determine the decay of triple-quantum 
signals, can be extracted from the values of the 
elements of this hybrid relaxation-rate-constant ma- 
trix. Basically. this analysis is performed by first 
diagonalizing the relaxation-rate-constant matrix 
R’“’ ,\~,e,,, as represented by the equation: 

(2) 
where V(“’ is the eigenvector matrix and R::$ is the 
eigenvalue matrix with diagonal elements R!,“‘. The 
coherence decay (relaxation) function matrix is: 

f”“(t) = V’“‘m ‘exp( -R~{:~,t)V’“’ (3) 
It has elements which can be written in the form: 

(4) 
r,= I 

where the subscripts refer to the corresponding row 
and column addresses of each element [IS]. The 
decay function is of practical value since it describes 
the relaxation behaviour of the different coherences. 
For example, the NMR signal decays with the rate 
constant ,f$“(t> for the longitudinal signal (inversion 
recovery). j’,(()(t) for the transverse signal (spin- 
echo). ,fjl’(t) for the transverse TQF signal. and 
,~$y’(t> for the longitudinal TQF signal. 

Knowledge of the relaxation behaviour of 170- 
water coherences via various NMR relaxation exper- 
iments, therefore, provides information on the frac- 
tion I’, and/or correlation times 7, of the different 
states of water in the solution. Such information can 
be explicitly obtained. for example, by iterative sta- 
tistical regression of the theoretical decay function 
,f;,!‘<t) onto the observed decay profile. TQF experi- 
ments are particularly useful for studying protein 
hydration since these signals are created only by 
strongly bound “O-water spins whose correlation 
times are expected to be greater than - 1 ns. 

In the water-of-hydration model adopted in our 
previous work [6]. it was assumed that there were 
only IWO states of water which are in fast exchange, 
viz.. water strongly bound to the protein and water 
free in solution (see Section I, Introduction). On the 
basis of Eq. (I), the corresponding relaxation matrix 
of 170-water in such a system is a two-state hybrid 
which can be expressed as: 

(5) 

or more conveniently as: 

R”;’ 
‘> \,e,ll = II\,, R’\;’ + ( I - p\,,) R!;;;,. (6) 

where the subscripts sb and ‘free’ refer to the strongly 
bound and free water, respectively. The quotes on 
the subscript ‘free’ are used to distinguish this term 
from the one which is used below. Although the 
two-state model was useful for characterising strongly 
bound water in different protein solutions, it was 
nevertheless ‘incomplete’, especially in accounting 
for the unusually large relaxation-rate constant ob- 
tained for ‘free’ water [6]. It was pointed out in that 
work that water molecules which are wea-kly bound 
to the macromolecule could possibly contribute sig- 
nificantly to the calculated relaxation rate constant of 
free water and therefore they should be included in a 
revised model of the system. 

Weakly bound, or vicinal, water molecules have 
short correlation times that have been estimated to be 
less than I ns [18]. In NMR experiments performed 
on “O-water, at the Larmor frequency (2) of 
54MHz, it is expected that the weakly bound water 
will not contribute significantly to the multiple- 
quantum filtered signal which is ultimately recorded, 
but it will considerably increase the relaxation rate of 
the free water. Hence. in the presence of weakly 
bound water. Eq. (6) may be viewed as a relaxation 
matrix expression for a pseudo two-state fast-ex- 
change model in which the second term on the right 
hand side of this equation corresponds to the sum of 
the relaxation rate constants for the free and weakly 
bound water. Thus the equation can be rewritten as: 

( 1 - I),,,) R!;::,. = p\v,, R!.$ + ( 1 - I),,, - I)\,,,,) I?:,$ 

(7) 

where wb refers to weakly bound water. On the basis 
of Eqs. (6) and (7), it is easy to see that incorpora- 
tion of a third state of water into the pseudo two-state 
model yields a modified equation: 

Eq. (8) describes the relaxation for a three-state 
fast-exchange model of water in the presence of 
biomolecules. The equation is similar to Eq. (4) 
introduced by Denisov and Halle in a recent “O- 
water relaxation-dispersion study [ 181. It is important 
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to note that the three-state model could still be an 
over-simplification for large biomolecular systems 
which are expected to contain several different wa- 
ter-binding sites. Both the pseudo two-state and 
three-state fast-exchange models were used in our 
analysis of the TQF signals (Section 2.2). 

2.2. Estimation qf the ,fraction of strongly bound 
water 

Chung and Wimperis [ 151 introduced a direct 
iterative fitting procedure to analyse spin- + 
multiple-quantum relaxation in a two-state system 
undergoing fast chemical-exchange. In this method, 
the relaxation parameters such as T,,, and the ex- 
change-averaged quadrupolar constant, were directly 
determined by numerical comparison of the theoreti- 
cal decay function with the observed signal decay. In 
the present work, a similar approach was imple- 
mented for analysing TQF data. However, as in our 
previous work [6], it ,was a.ssl;lmed that the 
‘quadrupolar constant’ (F)( 1 + y) i for strongly 
bound water is 7.6 MHz. This enabled the fraction of 
strongly bound water Pi,, to be estimated. 

2.2. I. Reduction of the number qf parameters 
In estimating the parameter values with the direct 

iterative method we found it useful to obtain initial 
estimates by using the two-state fast exchange model 
(Eq. (6)), because of its smaller number of parame- 
ters. The correlation time of the weakly bound water, 
7 ,Vh, was assumed to be considerably less than 1 ns 
so the system approximated well the extreme-nar- 
rowing limit (~~~7~~ -X I> and thus would not gener- 
ate observable transverse TQF signals. As a conse- 
quence. the relaxation matrix RJfrec., which refers to 
the combined relaxation matrix of free and weakly 
bound water, is simpler since it will be ‘almost 
diagonal’ and thus similar to that of pure water in the 
extreme-narrowing limit. R!,.,,,. can then be charac- 
terised by a single relaxation rate constant, R.,.,,,. 
[15] which refers to either longitudinal or transverse 
relaxation. If only odd-rank coherences are consid- 

I . 0 ered, R.free. IS equivalent to R.,ree. and can be writ- 
ten using the irreducible-operator basis as: 

0 0 

TR$.,,. 0 

I 

(9) 
0 

The elements of this matrix are defined according to 
Eqs. (5) and (6) shown in our previous work [6]. 

2.2.2. Unconstrained direct iterative method 
The unconstrained iterative fitting procedure, for 

determining the parameter values for strongly bound 
water. using TQF data, operated as follows. First, a 
trial set of parameter values consisting of the correla- 
tion time of strongly bound water. T,,,, the population 
fraction p,,,, and the apparent R.frer. were used to 
construct a trial relaxation matrix for a pseudo two- 
state model. Second, this was then diagonalized to 
yield a TQF decay function ,fit’<t> which was then 
multiplied by a trial scaling factor A and then nu- 
merically compared with the experimental decay data 
by obtaining the sum-of-squares of the residuals. 
Finally. the deviation from the experimental data was 
minimised by simultaneous optimisation of the four 
parameters (T,~, p+, R.,.,.ec., and A) using a non-lin- 
ear least-squares procedure. 

Fig. I shows the results of the TQF experiments 
and the regression analysis for 30% (VV/PV) BSA. 
The experimental points are TQF signal intensities 
obtained with various values of the echo-time 7,, as 
described in Section 3. These points were fitted with 
a TQF function. Afi:‘(t). From Fig. I. it is seen that 
there was good agreement between the experimental 
points and the fitted curve. 

Fig. 1. Curve fitting of Eq. (6) using the “O-water transverse 
triple-quantum filtered signals (TQF) for 30% CM./ W) BSA. The 
experimental TQF signal intensities (0) arc plotted as a function 
of the experimental delay TV, The curve (-) was obtained by 
unrestricted direct iterative fitting yielding T,,, = 9ns. I),~ = 0.5%, 
fCtree- = 600~~’ and A = 163. A similar curve was obtained with 
the parameter set r,,=28ns. p,=O.2c/c, K.,,,,.=669sC’ and \ 
A = 143. 



2.2.3. Limitation of the unconstruined iteruti1.r 
method 

Although the analysis of “O-water TQF signals 
by regression analysis can yield estimates of the 
parameters relating to the bound water, the procedure 
has some shortcomings. These arise from the fact 
that there are several parameters which need to be 
optimised simultaneously, and the signal decay is not 
strictly described by a simple single exponential 
function. In other words, there were various combi- 
nations of T,~, I?,~. R.,rer., and A which fitted the 
experimental data; this, of course, was especially 
true when signals were weak and the sums-of-squares 
of residuals were large. For example. in the curve 
fitting for 30% (M’/\v) BSA, shown in Fig. 1 the 
pdramtter set T\,, = 9 ns, I>,,, = 0.5%. I?.,,.,,. = 600 sP ’ z . 

and A = 163, fitted the experimental data as well as 
the parameter set 7\,, = 28ns. p,,, = 0.2%. R.tree. = 
669 s-- ’ and A = 143. Different sets of values were 
usually obtained from different sets of initial parame- 
ters using a particular ‘tolerance level’ to define 
convergence of the minimization. Thus, it was diffi- 
cult to decide rationally which of these parameter 
sets was the ‘correct’ one, especially if a range of 
likely parameter values was not available. 

This dilemma can be readily seen from Fig. 2, 
which shows the dependence of the spin-echo TQF 
signal profile on (A) T,,,. (B) IT,,, and (C) R.tree. in 
the range of values obtained in the curve fitting. The 
signals in each set were scaled so that their respec- 
tive maximum value points were equal. One ob- 
serves that the form of the signal profile, with the 
three parameters, were similar, particularly for the 
variation with T,,, and P,,,. This similarity clearly 
showed that it was likely that there would be several 
combinations of T,,, , IT\,,. and I?.,-,.,,. which fitted a 
given set of data. It was therefore quite common to 
obtain parameter sets which were physically unreal- 
istic. 

2.2.4. Restricted direct iterutille method 
On the basis of the above findings, it appeared 

that the unconstrained direct iterative method was 
unreliable for the simultaneous determination of T+ 
and 11,~ from the decay of the transverse TQF signal 
of “O-water. However, closer inspection of this 
method showed that a unique reproducible parame- 
ter-set could be obtained if the parameter value for 
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Fig. 2. Variation of the theoretical “O-water TQF signal profiles 

with (A) T,,,. (B) P,,, and (C) R.rrss.. All signal profiles were 
scaled so that the maximum values for each set were equal. (A) 

P,,, = 0.002, R.,,,,.= 320~~‘. and T\,, values ranged from 3 to 

30n\ in IO equal increments; (B) T,~ = Ions, R.,,,,.= 320~~‘. 

and 17~~ values ranged from 0.0003 to 0.003 in IO equal incre- 

ments: (C) 7,,,= Ions, ,I\~ = 0.002, and R.,,,,. values ranged 

from 50~~’ to SOO-’ in 10 equal increments. In all cues the 
steepest curve corresponds the highest value of the varied parame- 

tcr. 

either T,,, or P,~ were held constant during the 
fitting. Thus, in order for this procedure to be useful, 
the value of one of the parameters must be known, or 
at least constrained, in a domain of possible values. 
The actual values, or their possible ranges, were 
obtained from the results of other related studies. 

Thus, we ,firrd the value of T+, and restricted the 
range of possible values for R.,rcc. in order to gain 
information on the I),,, in different protein systems. 
The values of the correlation times T\,, were based 
on the results of an NMR relaxation-dispersion study 
of various aqueous protein solutions by Halle et al. 
[4]. In this study the bound water had a correlation 
time. referring to slow motion. on a time scale 
ranging from 8-25 ns. depending on the particular 
protein. 



The value of the longitudinal or transverse relax- 
ation rate constant, R.,,,,., was constrained according 
to the longitudinal relaxation rate constant, R$!l,,, 
obtained from inversion recovery experiments on the 
various protein solutions. This restriction was based 
on the assumption that the longitudinal relaxation of 
“O-water in the protein systems is basically mono- 
exponential [I 9,201. The standard monoexponential 
longitudinal rate constant equation is: 

R”” = (F)K[2J, + 8J2] (10) 

where K is a coefficient which contains the 
quadrupolar coupling constant [ 1.51, and J, and J, 
are the spectral density functions. On the basis of 
Eqs. (5) and (8), the longitudinal relaxation rate 
constant of the 170-water in protein solutions obeys 
the equation, 

R(r)) 
\y\trm =I)\,,(+)K[~J;~ + 8JGh] + (1 -,v,,,)R.~~~~. 

(11) 

where the first term on the right-hand side of the 
equation refers to the longitudinal relaxation rate- 
constant contribution from the strongly bound water. 
The importance of this equation is that the apparent 
relaxation rate constant, R.,-,,,,, is constrained so that 
its value cannot exceed R? ,\i,,cm during the iterations. 

2.3. Estimation qf the,paction qf weakly bound water 

The fraction of weakly bound water, ,I?,~, was 
calculated by first assuming values for the correla- 
tion time and quadrupolar coupling constant. In the 
relaxation dispersion study of 170-water in different 
protein systems by Halle et al. [4] it was found that 
the correlation time relating to fast motion ranged 
from 9-25~s and was basically independent of the 
type of protein. In the present study, we assumed 
that the weakly bound water had a correlation time 

Of ‘wh = 20~s and its quadrupolar coupling constant 
was equal to that of pure water. From the optimised 
parameters, phh and R.,.rree., which were obtained in 
the restricted iteration, we then indirectly estimated 
pu,,, using a monoexponential longitudinal relaxation 
equation based on Eq. (6), viz.: 

(1 -I)\~)R.,,,,.=P~~(~)K[~J;\‘~ + SJ;“] 

+ ( 1 - I?\h - lb,) Rfrcc (12) 

The value for Rfrec was obtained from an 
inversion-recovery experiment on pure water. 

3. Materials and methods 

3. I. Materials 

Solutions of BSA. BPTI, and lysozyme were pre- 
pared by dissolving measured masses of the proteins 
in pure D,O of known mass. No further enrichment 
with H,170 was used, but note that we found its 
concentration to be - 1.6 times as high as in normal 
distilled water (data not shown). BSA (fraction V) 
and lysozyme were obtained from Sigma (St. Louis, 
MO) while the BPTI was a gift from Bayer 
(Germany). The concentration of the protein in solu- 
tion is reported as a percentage of the total weight of 
the sample, viz. w/w. 

The solution of oxyhaemoglobin was prepared as 
described elsewhere [21]. A solution of 8% (w/u’) 
haemoglobin (Sigma) was passed through an ion-re- 
tardation column (Biorad AG II, 1 .S X 2Scm) at a 
flow rate of 30mL hh’. After reconcentration using 
an Amicon PM IO membrane, the solution was 
mixed with an equal volume of IOmg mL_’ sodium 
dithionite and applied to a mixed-bed ion-exchange 
column (Biorad AG 501-X8, 1.4 X SOcm) at a flow 
rate of 150mL h- ‘. The resulting solution of deoxy- 
haemoglobin was reconcentrated and washed several 
times by ultrafiltration in D,O to yield a final con- 
centration of - 18% ( I~~/~c). The sample was gently 
bubbled with O2 for 20min and then dispensed into 
a ‘J. Young-Valve’ NMR tube (Wilmad. NJ) and 
sealed under a pressure of - 1 SO kPa of oxygen. 

All “0 NMR experiments were performed on a 
Bruker AMX-400 wide-bore spectrometer operating 
at 54.24 MHz, and 298 K. Except for the BPTI sam- 
ples in which a Wilmad 73OpL microcell was em- 
ployed, conventional NMR tubes of IO-mm outer 
diameter were used and the sample volume was 
- 3 mL. The duration of a 90” r.f. pulse was - 2 I ks. 
For most experiments. the acquired FID was digi- 
tised into 1 k complex points with a spectral width of 
8 kHz; acquisition time was 64 ms: and the effective 



relaxation recovery delay was - 65 ms. Data were 
processed by applying a 50 Hz line-broadening expo- 
nential factor prior to Fourier transformation. 

For determination of the longitudinal relaxation 
time, inversion-recovery experiments were per- 
formed using a 90:- I gO”,-90: composite inversion- 
pulte, and the data were analysed by a simultaneous 
3-parameter fit to the predicted decay of M[ 1 - C 
exp( - Rlonp f>l. 

For TQF relaxation-rate analysis, a spin-echo 
pulse sequence was used which was identical to the 
multiple-quantum filter sequence of Ref. [ 151, which 
is 90c-~,/2-1800-r,/2-70.50-r,,-900-acq(t), with 
appropriate phase cycles. To obtain the necessary 
relaxation-decay profiles, pseudo two-dimensional 
experiments were performed in which the echo-delay 
TV was varied. In all cases, the ‘mixing’ time r,,, was 
kept to a minimum value of 4 IJS while acquisition 
was started after a delay of 88 ILS from the last 90” 
pulse. 

3.3. Error analysis 

The estimates of the precision of parameter val- 
ues, which were calculated from the results of non- 
linear least squares analyses of TQF signals and 
experimentally measured values, were obtained using 
the general procedure for ‘propagation of errors’ 
[22]. For this error analysis it was assumed that there 
was no statistical interaction between parameters so 
that covariance terms in the estimated errors could 
be neglected. The precision of the calculated values 
were reported as k standard deviations. 

4. Results and discussion 

4.1. BSA solutions 

In order to assess the utility of the TQF relaxation 
analysis, the experiments were first performed on 
BSA solutions of different concentrations; Fig. 3 
shows the TQF signal intensity as a function of the 
echo-delay, TV, for the various solutions. The data 
were scaled so that the maximum values in each set 
were equal. It might be expected that the TQF signal 
would increase with increasing protein concentration, 
and while this trend was evident in the range up to 
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Fig. 3. “O-water TQF signal intensities for the 8% (0 ), 13% (0). 
20% (0) and 30% (A ) (W/M.) BSA solutions, plotted as a 
function of the pulse-sequence delay TV. The maximum value in 

each set was scaled so that it was equal in each case. 

- 20% (W/W), for greater concentrations the maxi- 
mum amplitudes were smaller as a result of in- 
creased line-broadening. 

Fig. 3 shows that as the concentration of BSA 
was increased the TQF-signal curves became steeper, 
and the maximum amplitude shifted to a lower TV 
value. These effects indicated that the TQF signal 
relaxation rates were faster in the more concentrated 
solutions, which is consistent with the correlation 
time of the protein being higher (see Discussion). 

The TQF transverse-relaxation data on bound wa- 
ter in BSA solutions are summarised in Table 1. The 
parameter values were obtained assuming correlation 
times for strongly and weakly bound water of T,~ = 
15 ns and TV,, = 20~s respectively. These values 
were based on a NMR relaxation-dispersion study 
of “O-water in solutions of human plasma albumin 
[4] in which the correlation times were found to be 
16 ns and 17 ps, respectively; but because the former 
values did not refer directly to BSA we rounded the 
values to a nearby multiple of five. Rlone vaiues 
presented in Table 1 were obtained from inversion- 
recovery experiments and were used as constraints in 
the relaxation analysis. 

From Table 1 it is clear that the calculated frac- 
tion of bound water p,,, increased with an increase in 
BSA concentration. Values for p,,, ranged from 0.02 
X 10m3 for 5% (W/W) BSA to 4.20 X 10P3 for 30% 

(W/W) BSA. The 11,~ value for 5% (W/W) BSA was 
low, which suggests that the actual 7bb for BSA at 
this concentration would be much smaller than the 
assumed value of 15 ns. (The use of the literature 
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Table I 
“O-water relaxation data for BSA solutions” 

189.1 + 0.3 0 0 
233.7 * 0.4 233.3 * 0.4 0.02 f 0.01 
264.2 f 0.8 259.0 i I.1 0.42 * 0.06 
286.5 f I.1 280.7 i I.2 0.47 * 0.04 
327.7 f I.2 316.9i 1.3 0.88 i 0.04 
354.8 i I.6 339.2 f I.8 I .27 + 0.06 
125.0 f 4.7 399.7 i 1.9 2.14iO.ll 
562.2 * 5.4 5 IO.6 f 5.7 1.20 f 0. I6 

0 
0.049 i 0.001 lil 3040 * 30 
0.077 * 0.00 I 16i2 2960 i SO 
0.101 * 0.001 II* I 3000 * 40 
0.141 + 0.001 20* I 318Oi30 
0.166 i 0.002 32 + I _ 2880 * 30 
0.233 + 0.005 2x* I 3060 f 70 
0.356 f 0.006 32& I 3720 * 50 

“The following correlation times were assumed: T,,, = 1511s and 7%,, = 20~s. II,~ = number of strongly bound water molecules. nub = 
number of weakly bound water molecules. 

value of 16 ns for 7\,, [4] instead of 1.5 ns led to less 
than a 10% decrease in the estimate of P,~.) Thus the 
plb values at this point must be considered to be only 
apparent ones. 

To investigate this point further, Fig. 4 shows 
graphs of P+ for the BSA samples assuming correla- 
tion times (Q-+) ranging from 5 to 30ns. It is clear 
that the increase in I)\~ with concentration was greater 
than linear for all cases, indicating that in the experi- 
ments there was probably an increase in the correla- 
tion time with increasing BSA concentration. This 
effect was seen in the plot for which 7,,, = 5 ns, so 
this indicates that it is incorrect to assume only one 
value of T,,, for BSA. Specifically, it is known that 
the overall correlation time 7. of a protein will 
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Fig. 4. Calculated psh value.\ for water, as a function of mole 
fraction of BSA in the solution. The results are shown for 
assumed r,, values of 511s (0). 15ns (O), and 3011s (0). The 
fitted curves are empirical second-order polynomials. 

increase with increasing concentration [ 181 and that 
7 \b will become equal to 5. when the residence time 
of the strongly bound water is long. 

A “O-water study of the effect of increasing 
protein concentration [4] has confirmed that the cor- 
relation times for slow-motion of the bound water 
(which corresponds to T,,, in this study) increases 
with increasing protein concentration. This effect, 
which is attributed to enhanced electrostatic repul- 
sion between protein molecules, was seen in a graph 
of relaxation rate-constant versus protein concentra- 
tion. Similarly, Fig. 5 shows the plot of observed 
“O-water longitudinal relaxation rate-constant. R,,,,,,, 
with protein concentration expressed in c/c W/W (A) 
and mol% (A). The relaxation plot is notz-linear for 
Fig. 5A but linear for Fig. 5B. The non-linearity of 
the data in Fig. 5A is similar to that obtained in the 
above mentioned study [4] where it was attributed to 
an increase in correlation time of the slow motion of 
bound water, with increasing protein concentration. 
This conclusion is questionable since Fig. 5A was 
based on a plot in which the concentration of the 
protein (expressed in weight percent) does not reflect 
the real protein:water molar ratio in the solution. The 
plot in Fig. 5B is more consistent with the physical 
interpretation of the binding system, and the linearity 
of the plot suggests that there was no significant 
change in the correlation time of the tightly bound 
water, contrary to the conclusion reached on the 
basis of the data in Fig. 4. 

The results given in Table 1 also show that there 
was an increase in (1 - P\~)R.,.,,,. (that is approxi- 
mately equal to R.rree.) with increasing BSA concen- 
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Fig. 5. Plots of the 170-water longitudinal relaxation rate constants 
(0) in BSA solution as a function of protein concentration 
expressed as: (A) mass ratio, % IV/ W, and (B) mol%. The straight 
line in (A) was drawn to emphasise the non-linearity of the data. 

tration; this is in good agreement with the results of 
our previous study [6]. This trend clearly demon- 
strates the increased relaxation contribution from 
weakly bound water, the magnitude of which was 
quite pronounced considering that the measured Rlong 
of pure water ( Rfree) was only 189.1 s-‘. The values 
of pwh estimated from R.frec. increased with increas- 
ing BSA concentration, in a manner similar to the 
observed trend in p\,, values. Thus these values, 
which ranged from 0.049 (5% W/W BSA) to 0.356 
(30% W/W BSA), were approximately a hundred 
times greater than the p5h values. 

The calculated P,~ and pm,, values were used to 
estimate the number of water molecules associated 
with each BSA molecule. Except for 5% (W/W> 
BSA. the apparent number (shown in Table 1) ranged 
from 14 to 32 while that for the weakly bound water 
range from 2720 to 3180. The apparent number of 
strongly bound water molecules increased with in- 
creasing BSA concentration. However, as stated 
above, this interpretation is flawed since the number 
of water binding sites should be concentration-inde- 

pendent in the absence of processes such as protein 
polymerisation. Thus, the trend in apparent value of 

P ,h is most probably due to an increase in the 
correlation times, rr or T,,,, with protein concentra- 
tion. In contrast, there appears to be no definite trend 
in the number of apparently weakly bound water 
molecules per BSA molecule, which is a result con- 
sistent with the actual value of 7Wb remaining un- 
changed. 

4.2. Other protein solutions 

TQF transverse-relaxation analysis was applied to 
solutions of three other proteins in order to charac- 
terise and compare the properties of the bound water 
present in each. The solutions studied were approxi- 
mately 18% (w/w) of lysozyme, oxyhaemoglobin 
(oxyHb), and BPTI. To facilitate comparison of re- 
sults, analyses were performed assuming two r\b 
values; one at 15 ns and the other being the slow-mo- 
tion correlation times (T,,,>~) obtained from “O-water 
NMR relaxation dispersion analysis [4,18]. In the 
latter studies, the calculated correlation times for 
BPTI, lysozyme, and oxyHb and were 7 ns, 19 ns, 
and 25ns, respectively. On the other hand, it was 
assumed that the correlation time of weakly bound 
water. rWh, was 20~s in all the protein solutions. 

Fig. 6 shows the spin-echo TQF signal-intensity 
for different protein solutions as a function of the 
delay, 7,. The data were plotted so that the maximum 

Fig. 6. Comparison of the 170-water TQF signals obtained in 18% 
(w/ cv) solutions of BSA (0, --_), BPTI (0, .), lysozyme 
(0, -), and oxyhaemoglobin ( v , - - -). The experimental data 
points were scaled so that the maximum fitted values in each set 
were equal. 



value of the best-fit curve was the same in all cases. 
Fig. 6 shows that the data from BPTI, lysozyme, and 
oxyhaemoglobin were less precise than those from 
BSA. This was mainly due to the lower signal-to- 
noise in the spectra obtained for these three proteins. 
Also the BSA data lay on a steeper curve (Section 
4.1), compared with oxyhaemoglobin, BPTI and 
lysozyme, all of which showed similar profiles. 

In order to convey an impression of the sensitivity 
of the analysis to changes in T,~ and ~7,~ we, first, 
supposed that the values of q,, of these proteins 
were all the same value of 15 ns. Thus, according to 
the results given in Table 2 it would be concluded 
that BSA has considerably more strongly bound 
water molecules than the other three proteins. On the 
other hand when the previously mentioned r,h val- 
ues were used there were also wide variations in the 
calculated p\h value for each protein solution; how- 
ever, the BSA solution still had the highest fraction 
of strongly bound water, 1.80 X IO-‘. This was 
anticipated from its ‘steep’ TQF signal profile and 
high signal-to-noise ratio in the spectra. Although the 
TQF signal profiles for BPTI, haemoglobin and 
lysozyme were similar, the calculated I?,,, values 
were very dependent on the assumed r,h values, as 
shown by the magnitude of the changes in p,,, for 
BPTI, Lysozyme and Hb when T,~ was varied away 
from 15 ns. The largest difference was obtained for 
BPTI in which p\h increased from 0.60 X lo-’ to 
1.21 X 1O-3 when the assumed value of r,,, was 
changed from 15 ns to 7 ns. Thus. this confirmed 
findings presented earlier that it is important to have 
a good estimate of the correlation time of the strongly 
bound water, or the protein. 

Table 2 

Other data obtained from the TQF relaxation anal- 
ysis are also summarised in Table 2: the longitudinal 
relaxation rate constant, R,C,nf. varied considerably 
between protein solutions, with BSA showing the 
highest value of 388 s-‘, and BPTI showing the 
lowest value, 295 s _ ’ For BPTI, the smaller longitu- 
dinal relaxation rate constant compared with Hb, and 
lysozyme, suggests that R.,,.,,. was also smaller, so 
/7,,, was adjusted to a higher value during the itera- 
tion. 

In summary, although the TQF signal-profiles for 
the three protein solutions were comparable, the 
lower longitudinal relaxation rate constant for BPTI 
implied that its fraction of strongly bound water was 
higher. The same rationale explains why P+ values 
estimated for haemoglobin and lysozyme were simi- 
lar. With regard to the number of strongly bound 
water molecules per protein molecule, when T,,, = 
15 ns, BSA had the largest number, while BPTI and 
lysozyme had the least. Although the molecular mass 
of BSA (66 000 Da) and oxyhaemoglobin (64 500 Da) 
are similar, the number of strongly bound water 
molecules in BSA (27) was about four times greater. 
BPTI and lysozyme had almost the same number of 
strongly bound water molecules, estimated to be 
N 1; although the molecular mass of lysozyme 
(14400 Da> is about twice that of BPTI (6500Da). 
Hence, for the four proteins considered in this study. 
there appears to be no simple correlation between the 
number of strongly bound water molecules and the 
mass of the protein. In contrast to this trend for the 
strongly bound water, the number of weakly bound 
water molecules was proportional to the molecular 
mass of the protein. 

“O-water relaxation data for 18% (W/IL.) solutions of different proteins” 

a) T,h = 15 ns 

BSA 
BPTI 
Lys 
oxyHb 
b) T\,, variable 
BPTI CT,,, = 7 ns) 
Ly.\ (7+ = 19 ns) 
oxyHb CT+ = 25 ns) 

388 f 2 I .80 f 0.05 0.196 f 0.002 26.6 I 0.7 2900 + 30 
295 f 3 0.60 f 0. IS 0.109 f 0.005 0.9 * 0.2 I60 * 7 
334 i I 0.42 f 0.10 0. I54 * 0.002 1.4 i 0.2 SO4 i 6 
348 i I 0.40 * 0.10 0. I70 f 0.002 6*2 2600 & 30 

29.5 i 4 1.21 i 0.30 0.085 f 0.009 I .8 * 0.4 120* I3 
334 f I 0.34 * 0.08 0.156 f 0.001 I.1 kO.3 511 f5 
34x f I 0.24 + 0.06 0.174 + 0.001 3.7 i 0.9 2700 * 20 

“Ill all cases TWh was assumed to be 20~s. 
‘Lys = lysozyme, oxyHb = oxyhaernoglobin 
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In the analysis of the weakly bound water fraction 
P,,,,,, it was found that values for BSA. Hb, and 
lysozyme were similar and occurred over a narrow 
range between 0.150 to 0.200. The estimates of I?,,,, 
for BPTI was found to be much smaller than for 
BSA at - 0.100. Variation of the assumed T,,, val- 
ues in the analysis did not significantly alter the 
estimate of pwh. 

It is important to compare the results of this TQF 
relaxation study to those of other studies of protein 
hydration employing similar proteins. Otting et al. 
[2] showed that there are four internal water 
molecules in BPTI which are bound sufficiently 
tightly to give signals in a two-dimensional nuclear 
Overhauser enhancement spectroscopy (NOESY) ex- 
periment. On the other hand, a recent relaxation-dis- 
persion study [18], showed that there are only two 
observable strongly bound water molecules in BPTI 
(which have an effective correlation time of 7 ns). It 
is believed that the remaining two water molecules 
were not observed because one is deeply buried in a 
‘cavity‘ in the BPTI molecule and therefore does not 
exchange with the free water while the other is held 
more loosely in the hydrogen-bonding network so 
that it is more ‘disordered’ than the two strongly 
bound water molecules. From Table 2 it is noted that 
if a 7 ns correlation time is assumed then the fraction 
of strongly bound water is calculated to be 1.8 and 
this agrees with the number obtained using the NMR 
relaxation-dispersion method [IS]. 

Colombo et al. [23] studied the hydration of oxy- 

haemoglobin by ‘osmotic stress’ and showed that 
- 60 water molecules are associated with it during 
transition from deoxyhaemoglobin to oxyhaemo- 
globin. It is not possible to perform a reliable TQF 
experiment on deoxyhaemoglobin because the sig- 
nals are broadened considerably because of its para- 
magnetism. Table 2 (with r\t, = 25 ns) indicates that 
there are four strongly bound water molecules and 
2700 weakly bound ones associated with each oxy- 
haemoglobin molecule. These findings are difficult 
to reconcile with those obtained by the osmotic 
stress method. since the nature of the binding of the 
putative ‘60’ water molecules is not known. How- 
ever, it is possible that some of the water molecules 
observed in the osmotic stress study are strongly 
bound but are not chemically exchanging sufficiently 
rapidly with the bulk water so that, in turn, they are 
not observed in the TQF experiment. 

4.3. Longitdinal relaxdon rute contributions ,from 
d$ferent stutes of water 

It is instructive to determine the relative contribu- 
tion of the different states of water to the total 
longitudinal relaxation rate constant for the various 
proteins employed in this work. These values were 
determined by using Eqs. (8) and (IO>, and the 
fractions of bound water obtained earlier. 

Table 3 shows relative relaxation rate constant 
contributions from the three states of water for the 
various 18% (w/M~) protein solutions, at 298 K. For 

Table 3 
“O-longitudinal relaxation rnte constant contributions from the different state\ of water in different 18% (w/w) protein solutions” 

Protein systemh Water state 

Free (c/c) Strongly bound (c/r) Weakly bound (c/r) 

a)qh= ISns 
BSA 
B PTI 
LYS 
oxyHh 
b! T+ variable 
BPTI CT,,, = 7 ns) 
Lys CT+ = 19ns) 
oxyHb CT,,_ = 25 n\) 

39.1 f 0.2 5.7 * 0.2 55.2 i 0.7 
57.1 * 0.8 2.5 f 0.6 40.4 f 1.9 
47.8 f 0.2 I .s * 0.4 50.6 i 0.6 
45.0 + 0.2 I .A * 0.4 53.5 f 0.6 

58.6 f 1.0 10.0 * 2.5 3 I .3 + 3.4 
47.7 + 0.2 I .o + 0.2 5 I .3 F 0.5 
44.9 i 0.2 0.5 + 0. I 51.6 i 0.4 

“In all cases, 7uh was assumed to be 20pa. 
‘Lys = lysoryme, oxyHb = oxyhaemoglobin. 



each protein, significant proportions of the total lon- 
gitudinal relaxation rate constant were due to free 
and weakly bound water. Relaxation rate contribu- 
tions from strongly bound water were found to be 
smaller, generally less than IO%. With the assump- 
tion that T+ = 1.5 ns, BSA showed the largest longi- 
tudinal relaxation rate constant, with contributions 
for both strongly (5.7%) and weakly bound water 
(55.2%). 

Water molecules bound to proteins can be classi- 
fied and quantified through the use of TQF relax- 
ation analysis of 170-water. This procedure is very 
effective in discriminating between different water 
states since the TQF signal is produced only by the 
presence of exchanging strongly bound “O-water, 
with correlation times greater than 1 ns, and not by 
weakly bound or free 170-water in the solution. In 
comparison with our earlier study, which assumed a 
two-state fast-exchange model [6], the analysis de- 
scribed here assumed a three-state fast-exchange 
model so that population sizes of weakly bound, 
strongly bound, and free water could be determined. 
Quantification of the amount of bound water, how- 
ever. required knowledge, or an estimate, of the 
correlation time of water tightly bound in the protein. 
The TQF NMR relaxation analysis of “O-water 
provides further insight into the various states of 
water in concentrated protein solutions and, by infer- 
ence, inside cells. Thus, it contributes to the under- 
standing of the altered hydrogen-bonding potential of 
water inside cells alluded to in Section 1. 
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