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South Parks Road, Oxford OX1 3QU, UK
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Abstract

The fraction of strongly- and weakly-bound water molecules within mitochondrial suspensions, determined using
three-quantum filtered 17O NMR relaxation analysis, was found to be large in comparison with that in erythrocytes
and concentrated solutions of bovine serum albumen. It is suggested that bound water, together with regulation of
mitochondrial matrix volume, may be an important controlling factor in the modulation of enzymic activity in the
matrix. A spin Is5r2 Jeener]Broekaert experiment and a four-quantum filtration experiment were used to
demonstrate the absence of orientationally ordered water molecules within the mitochondrion. In contrast, the
mitochondrial sodium environment was shown to be highly ordered using a spin Is3r2 Jeener]Broekaert
experiment. Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The mitochondrion occupies a central role in
the synthetic activity and energy metabolism of
the cell. Knowledge of the physical properties of
the mitochondrial environment and how these
properties affect processes occurring within it are
therefore of central importance toward achieving
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a more complete understanding of whole cell
metabolism in vivo.

The mitochondrial matrix protein concentra-
Ž .tion has been estimated at more than 50% wrv

w x1 . In comparison, protein crystals used for X-ray
diffraction measurements are typically ;40%
Ž . w xwrv protein 2 . Water in high protein environ-
ments such as this can be readily divided into

Ž .bulk water osmotically active and bound water
Ž .osmotically inactive on the basis of osmotic

w xstudies of cell and organelle suspensions 3,4 .
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This simple classification is usually extended to a
Žthree-phase system describing weakly-bound vici-

. w xnal , strongly-bound, and bulk or free water 5,6 .
Strongly-bound water is hydrogen bonded to
macromolecules and, therefore, exhibits long ro-

w xtational correlation times between 8 and 25 ns 7 .
Weakly-bound water molecules are generally as-
sociated with surfaces within the solution and
have rotational correlation times ranging from 9

w xto 25 ps 7 .
Multiple-quantum filtration NMR experiments

provide non-invasive, non-destructive and ex-
tremely selective information on the molecular
environment of quadrupolar nuclei within the cel-

w xlular milieu 6,8]15 . In previous work, we quanti-
fied weakly- and strongly-bound fractions of water
in protein solutions using a regression procedure
to analyse the triexponential transverse relaxation

w xprofile of the three-quantum filtered signal 6,15 .
Here, we extend this procedure to the analysis of

Ž .mitochondrial and for comparison erythrocyte
suspensions; the potential biochemical conse-
quences of these results are discussed. In the
preceding paper, two NMR pulse sequences have
been designed for selective excitation of orienta-
tionally ordered Is5r2 nuclei. These experi-
ments have been used to show that ordered 17O-
enriched water can be detected in collagen and

w xcartilage samples 16 . Using these methods, we
determined whether the three- or five-quantum
filtered 17O NMR signal observed in mitochon-
drial and erythrocyte samples results primarily
from triexponential relaxation or from residual
quadrupolar splittings. In addition, the mitochon-
drial sodium environment was investigated using
a similar experimental procedure and the results
compared with those for human erythrocytes.

2. Procedure for estimation of strongly- and
weakly-bound water fractions

The measured three-quantum filtered 17O NMR
relaxation decay profile was fitted with a theoreti-

w xcal decay function as described previously 6,15 .
This method of fitting requires an estimate of the

Ž .correlation time t of the strongly-bound waterc
in solution and assumes a value for the
quadrupolar coupling constant. In our earlier

work, we showed that the interpretation of the
relaxation profile of protein solutions is affected
in a similar fashion by variations in the specified
t of the bound water or in the fraction of thec

Ž . w xstrongly-bound water p 6 . Based on the as-sb
sumption that strongly-bound water molecules in
a heterogeneous system possess a finite range of
correlation times and for the purpose of illustra-
tion, fitting was performed using a variety of
values of t .c

Under the conditions used in these experi-
ments, the contribution of vicinal water to the
multiple-quantum filtered NMR signal should be
insignificant, but it will increase the relaxation
rate of the free water considerably. This fact can
be used to estimate the fraction of weakly-bound
water associated with the cell suspension, as de-

w xscribed by Torres et al. 6 .

3. Materials and methods

3.1. Materials

Ž . Ž .Bovine serum albumen BSA Fraction V was
obtained from Sigma Chemical Co., St. Louis,

17 Ž .MO, USA. O-enriched water 20 at.% was pur-
chased from CK Gas Products Ltd., Finchamp-
stead, UK. All other reagents were analytical
grade.

3.2. Mitochondrial sample preparation

Mitochondria were isolated using differential
w x Žcentrifugation 17 . Australian white rats three-

17 .quantum filtered O NMR experiments and
Ž .guinea pigs all other experiments were sacrificed

and their livers removed and homogenised in
buffer composed of 250 mM sucrose, 25 mM

Ž .HEPES, 1 mM EDTA and 0.1% wrv BSA, pH
7.4. Cellular debris and erythrocytes were re-
moved from the crude homogenate by centrifuga-

Ž .tion 3 min at 2500=g . The supernatant was
then pelleted and washed twice more by centrifu-

Ž .gation 10 min at 10 000=g . The final suspen-
sion was used immediately and tested for respira-
tory control both before and after the NMR
experiment according to the method of Estabrook
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w x18 . Protein estimation was performed using the
w xBiuret assay 19 . A series of enzymic assays were

w xperformed as described by Hovius et al. 20 . The
purity of the mitochondrial preparations was as-
sessed visually using transmission electron mi-
croscopy. Samples were prepared for electron mi-
croscopy according to standard techniques de-

w xscribed elsewhere 21 . On the basis of enzyme
activity assays and electron micrographs, contami-
nation of the mitochondrial preparation by other

Ž .organelles was minimal results not shown .

3.3. Erythrocyte and erythrocyte ghost preparation

Erythrocytes were isolated from whole blood by
centrifugation and prepared for the NMR experi-
ment by washing three times in isotonic saline.
Erythrocyte ghosts were prepared according to

w xthe method of Nash et al. 22 . Erythrocytes were
Ž .resuspended at 12.5% vrv and stored at 08C.

They were then lysed by suspending the erythro-
cyte solution at a ratio of 1:30 in ‘lysing medium’
consisting of 7 mM KH PO , 4 mM MgSO , 12 4 4

ŽmM ATP, plus penicillin and streptomycin 100 U
y1 .ml each at 08C and pH 7.4. After 2 min, this

mixture was further diluted with a quarter volume
of lysing medium and kept at 08C for a further 5
min. The cells were incubated at 378C for 1 h,

Ž .collected 10 min at 20 000=g , and washed once
in saline. The integrity of the ghosts was assessed
visually with a light microscope and using a su-
crose gradient.

3.4. NMR experiments

17O and 23 Na NMR experiments were per-
formed at 298 K on a Bruker AM 400 WB or a
MSL 400 spectrometer. Sufficient 17O-enriched
water was added to metabolically active samples
in order to keep the signal-to-noise ratio high
while still retaining the stability of the cells or
organelles. Typically, this represented an abun-
dance of approx. 0.7%, which is ;20 times the

17 Ž .natural abundance for the O isotope 0.037% .
Respiratory control ratio values were initially
greater than four and declined to no less than two
during the experiment. Multiple-quantum filtered

17O NMR experiments were performed using
w xpulse sequences described previously 6,9,16 .

4. Results and discussion

4.1. Estimation of strongly- and weakly-bound water
fractions

In erythrocytes, where effectively all the pro-
tein present is haemoglobin, and in prepared pro-
tein solutions, the slow motion of bound water
may be characterised by a single value of t . Thec
mitochondrial matrix contains no one dominant
protein, therefore the proteins in this environ-
ment, and the strongly-bound water molecules
associated with them, possess a variety of differ-
ent correlation times. This prevents precise calcu-
lation of p in mitochondrial suspensions but,sb

w xbecause t generally ranges from 8 to 25 ns 7 ,c
Žwe have estimated p using two values of t 10sb c

.and 25 ns to provide an upper and lower limit,
respectively, for p , as well as for a value of tsb c
equal to 15 ns for convenient comparison with a
BSA solution. Fig. 1 shows a typical fit to a
three-quantum filtered 17O relaxation profile. The
data shown is fitted using a value of 25 ns, but
other values of t gave a similarly good fit to thec
data.

Table 1 shows the fraction of strongly-bound
water in erythrocytes, in a BSA solution, and in
mitochondrial suspensions, calculated using a va-

Žriety of values of t . It is important to stress that,c
as the nature of the binding sites is not always
known, these assumed t values are speculativec

.and represent a probable range only. For a given
value of t , the mitochondrial suspensions havec
nearly twice the bound water per mg of protein

Ž .compared with a 30% wrw BSA solution. This
result is significant given that BSA has a large
number of strongly-bound water molecules com-
pared with other proteins that have been mea-

w xsured 6 . No three-quantum filtered signal was
detected from the erythrocyte ghost suspension.
Since the erythrocyte membrane is composed of

w x49% protein 23 , this means that either the mem-
brane proteins do not generally have strong water
binding sites or the three-quantum filtered exper-
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Fig. 1. Curve fit to the three-quantum filtered 17O NMR
relaxation profile of a sample of mitochondria suspended at 33

y1 Ž .mg ml . The free precession interval evolution time t in
the three-quantum filtration pulse sequence was increased
from 50 ms to 8 ms. Experimental transverse three-quantum

Ž .filtered signal intensities v are plotted as a function of this
Ž .evolution time. The curve fit }}} was obtained by re-

stricted direct iterative fitting with t equal to 25 ns and a Tc 1
spin-lattice relaxation rate of 330 sy1 . For this sample, psb
was calculated as 0.0986%. This value is then used to obtain
the fraction of bound water per mg protein and as a percent-
age of matrix volume. Similar curves were obtained with the
rotational correlation time, t , set to 15 and 10 ns.c

iment does not detect the water associated with
these proteins. In rat liver mitochondria, 68% of
the total mitochondrial proteins are present in
the matrix in a soluble form, plus a further 6.4%
in intercristal and peripheral spaces; the remain-
ing 25.6% is associated with the inner and outer

w xmembranes 24 . Since the membrane compo-
nents in the mitochondrial preparation will pre-
sumably not contribute to the observed three-
quantum filtered 17O NMR water signal, the frac-

Žtion of bound water calculated per mg of total
.protein is likely to be an underestimate of the

fraction per mg of soluble protein.
In mitochondrial samples, the fraction of

Ž .strongly-bound water Table 1 , expressed as a
percentage of the matrix volume, ranges from
approx. 1 to 2% of the total matrix water volume
within the likely range of t values. Similar calcu-c

Ž .lations for a 30% wrw BSA solution and for
erythrocytes yield values that are roughly between
two and six times lower than this. The binding of
four oxygen molecules to a haemoglobin molecule
is associated with the binding of 60 additional

water molecules, yielding an estimated 33.5 kJ
y1 w xmol haemoglobin 25,26 . Similar energetic

changes could occur in proteins within the matrix
if strongly-bound water molecules were displaced
or new sites created as a result of protein confor-
mational changes or through association and dis-
sociation reactions. Owing to matrix conformatio-
nal changes that occur in the course of normal
metabolic function, the matrix can occupy
between 50% and nearly 100% of the total mito-

w xchondrial volume 24 . This would affect the frac-
tion of bound water as a percentage of volume
and alter the matrix protein concentration, intro-
ducing a concomitant change in the degree of
‘non-ideality’ in this environment. In numerous
cases, ‘non-ideality’ has been shown to effect the
function of enzymes through changes in confor-
mation and association. Generally, increased
‘non-ideality’ through macromolecular crowding
will favour more compact protein structural con-
formation and also the formation of enzyme com-
plexes; detailed treatments on this subject are

w xavailable elsewhere 27,28 . In view of the points
raised above, it seems reasonable to suggest that
mitochondrial matrix volume and bound water
may be important controlling factors in regulating
enzymic activity in vivo. Scalettar et al. have made
similar suggestions based on demonstrated
changes in rotational diffusion anisotropy of the
fluorescence probe carboxyfluorescein and in ef-
fective viscosity due to respiration state and os-

w xmolarity 29 .
The calculated fraction of weakly-bound water

as a percentage of cell volume in erythrocyte
ghosts was 7.7"0.8% compared with 33.0"4.0%
in unaltered erythrocytes. Clearly, weakly-bound
water is associated with both macromolecules and
biological membranes. Table 1 shows the calcu-
lated fractions of weakly-bound water per mg of
protein in mitochondrial suspensions compared

Ž .with erythrocytes and with 30% wrw BSA. The
large difference in these values is presumably a
reflection of the massive membrane surface area
present in the folded cristae of the mitochondrial

Ž 2 y1 w x.structure 40 m g 30 .
If developed and refined further, relaxation

analysis of three-quantum filtered 17O NMR sig-
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Table 1
17Estimation of strongly- and weakly-bound fractions of water using restricted iterative regression of three-quantum filtered O

NMR relaxation data and assumed correlation times

Sample and assumed Strongly-bound Strongly-bound Weakly-bound
a a,b cŽ Ž Žcorrelation time, t water nmol water % water mmolc

y1 y1. . .mg protein matrix water mg protein

Mitochondria 1396"296 2.05"0.54 150"50
Ž .t s10 nsc

Mitochondria 939"204 1.40"0.37 158"51
Ž .t s15 nsc

Mitochondria 568"120 0.85"0.22 166"52
Ž .t s25 nsc

Erythrocytes 202"12 0.27"0.02 19"1
Ž .t s25 nsc

Erythrocyte ghosts 0.0 0.0 }
Ž .30% wrv BSA 484"15 0.42"0.02 41.2"0.8

Ž .t s15 nsc

a y1 w xA value of 1.1 ml mg was assumed for the matrix in situ volume 32 . It was assumed that the solid fraction in the mitochondrion
y1 w xoccupies 1.6 ml mg protein 33 .

b This calculation assumes that virtually all the bound water exists in the matrix as the intermembrane space contains only 8.6% of
w xthe total soluble protein 24 .

c 17 ŽThe water exchange time for erythrocytes at 258C is larger than the T of O under the conditions of these experiments 13 vs. 51
. w x w xms 34 . For the mitochondrion, the water exchange time is estimated at less than 100 ms 33 . For this reason the internal volume

of the erythrocyte was treated as the total volume of solution in the calculation of the percentage of weakly-bound water. The
mitochondrial suspension was assumed completely mixed on an NMR timescale.

nals could be used to correlate possible changes
in bound water fractions with mitochondrial func-
tion. A logical progression of this work would be
to demonstrate that the fraction of strongly-bound
water molecules is altered from dilute enzyme
solutions to conditions of self-association or with
the assembly of mixed enzyme complexes.

4.2. Multiple-quantum filtered analysis of sodium in
mitochondria and erythrocytes

The existence of sodium ions in anisotropic or
ordered environments has been demonstrated

w xpreviously in several other systems 10,11,13 . In
accordance with these observations, a strong 23 Na
NMR signal was obtained from the mitochondrial
sample using the Is3r2 Jeener]Broekaert ex-

w xperiment 11 . Fig. 2 shows three-quantum filtered
and Jeener]Broekaert 23 Na NMR spectra from
mitochondrial and erythrocyte samples. Allowing
for the difference in relative sodium concentra-
tions in each sample, the signal in the
Jeener]Broekaert experiment is stronger from
the mitochondrial preparation than from the ery-

throcyte suspension. Navon and co-workers
showed that this latter signal was largely due to
membrane association but was highly dependent
on the presence of structural proteins. The large
mitochondrial signal is therefore likely to be a
reflection of both the massive membrane area of
the mitochondrion and of the remarkable degree
of cytoskeletal structure within the mitochon-

w xdrion 10,13,31 .

4.3. Detection of ordered water in biological systems

The experiments described in the preceding
paper offer a further tool for investigating water
structure in vivo. The four-quantum filtration ex-
periment and the Is5r2 Jeener]Broekaert ex-
periment were both applied to mitochondrial sus-
pensions containing 17O-enriched water with no
signal observed in either case. This result rules
out the possibility that the large signal observed
in the three-quantum filtered experiments re-
sulted from the efficient generation of triple-
quantum coherence due to residual quadrupolar
splittings. The absence of a significant ordered
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Ž . Ž . 23 Ž .Fig. 2. a,c Three-quantum filtered and b,d Is3r2 Jeener]Broekaert Na NMR spectra of suspensions of a,b mitochrondria
Ž . Ž . Ž . Ž .and c,d erythrocytes. Acquisition parameters: 105.8 MHz Larmor frequency, 2016 Hz spectral width; a 18432, b 18432, c 10224
Ž . Ž . Ž . Ž . Ž . Ž .and d 10240 transients co-added; a,b 17.3 ms and c,d 17.7 ms 908 pulse length; a ts3.28 ms, b ts3.28 ms, c ts4.00 ms
Ž .and d ts3.20 ms free precession interval.

fraction of water also validates one of the as-
sumptions inherent in the fitting procedure used
here, which assumes triexponential relaxation
only. However, although the residual 17O
quadrupolar splittings appear to be completely
quenched, it is possible that they may still con-
tribute to 17O transverse relaxation and this is
something that is not as yet included in our
three-site exchange model.

5. Conclusions

The fractions of strongly- and weakly-bound
water within mitochondrial suspensions were de-
termined using three-quantum filtration NMR re-
laxation analysis of 17O-enriched water. In com-
parison with erythrocytes and with concentrated
solutions of BSA, the number of strongly- and
weakly-bound water molecules was found to be
very high. It was suggested that changes in the
volume of the mitochondrial matrix may regulate
enzyme function thermodynamically by altering
the relative fractions of water within this environ-
ment. A spin Is5r2 Jeener]Broekaert experi-
ment and a four-quantum filtration experiment
were both used to demonstrate the absence of

ordered water molecules within the mitochon-
drion. In contrast, the sodium environment of the
mitochondrion was shown to be highly ordered
using a spin Is3r2 Jeener]Broekaert experi-
ment.
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