Biophysical Chemistry 24 (1986) 337-356
Elsevier

BPC 01084

337

VISCOSITY OF CONCENTRATED SOLUTIONS AND OF HUMAN ERYTHROCYTE
CYTOPLASM DETERMINED FROM NMR MEASUREMENT OF MOLECULAR
CORRELATION TIMES

THE DEPENDENCE OF VISCOSITY ON CELL VOLUME

Zoltan Huba ENDRE** and Philip William KUCHEL *
Department of Biochemistry, University of Sydney, Sydney, NSW 2006, Australia

Received 1st May 1986
Accepted 11th June 1986

Key words: Viscosity; *C-NMR, Erythrocyte; Longitudinal relaxation time; Correlation time; Cubic closest packing of spheres

Metabolically active human erythrocytes were incubated with [a-'?Clglycine which led to the specific enrichment of
intracellular glutathione. The cells were then studied using '*C-NMR in which the longitudinal relaxation times (7;) and
nuclear Overhauser enhancements of the free glycine and glutathione were measured. The T, values of labelled glycine were
also determined in various-concentration solutions of bovine serum albumin and glycerol and also of the natural abundance
13C of glycerol in glycerol solutions. From the 7, estimates the rotational correlation time (7.) was calculated using a formula
based on a model of an isotropic spherical rotor or that of a symmetrical ellipsoidal rotor; for glycine the differences in
estimates of 7, obtained using the two models were not significant. From the correlation times and by use of the
Stokes-Einstein equations viscosity and translational diffusion coefficients were calculated; thus comment can be made on the
likelihood of diffusion control of certain enzyme-catalysed reactions in the erythrocyte. Bulk viscosities of the erythrocyte
cytoplasm and the above-mentioned solutions were measured using Ostwald capillary viscometry. Large differences existed
between the latter viscosity estimates and those based upon NMR-7, measurements. We derived an equation from the theory
of the viscosity of concentrated solutions which contains two phenomenological interaction parameters, a ‘shape’ factor and a
‘volume’ factor; it was fitted to data relating to the concentration dependence of viscosity measured by both methods. We
showed, by using the equation and interaction-parameter estimates for a particular probe molecule in a particular solution,
that it was possible to correlate NMR viscosity and bulk viscosity; in other words, given an estimate of the bulk viscosity, it
was possible to calculate the NMR “micro’ viscosity or vice versa. However, the values of the interaction parameters depend
upon the relative sizes of the probe and solute molecules and must be separately determined for each probe-solute-solvent
system. Under various conditions of extracellular osmotic pressure, erythrocytes change volume and thus the viscosity of the
intracellular milieu is altered. The volume changes resulted in changes in the T, of [a-'Clglycine. Conversely, we showed that
alterations in T3, when appropriately calibrated, could be used for monitoring changes in volume of metabolically active cells.

1. Introduction

* To whom correspondence should be addressed.

** Present address: Department of Biochemistry, University
of Oxford, South Parks Road, Oxford OX1 3QU, UK.
Abbreviations: BSA, bovine serum albumin; Hb, hemoglobin;
¢, volume fraction; «, », empirical hydrodynamic interaction
parameters; 9, viscosity; r,, Stokes radius; T,, rotational corre-
lation time; T, longitudinal relaxation time; £, coefficient of

microfriction; o, partial specific volume.

Separately, and together, the concentrations of
substrates [2] and the intracellular viscosity [3]
may influence the rates of metabolic reactions that
are necessary for normal cell function. Since
erythrocyte shape and rigidity are also influenced
by the cell volume and intracellular viscosity, the
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flow properties of whole blood in the circulation
are also influenced directly by the intracellular
viscosity [4,5].

Untl recently, estimates of intracellular viscos-
ity have been obtained indirectly from viscometry
of whole blood [4,5], a technique whose results are
highly dependent on the rate of shear; by this
experimental means one cannot easily distinguish
between the separate contributions of internal
viscosity and membrane rigidity. Values of human
intraerythrocyte viscosity inferred from torsional
viscometry of whole blood are between 2 and 100
mPa s, depending on the rate of shear [4]. Direct
measurement of intracellular viscosity in human
erythrocytes by using ESR to measure the rota-
tional correlation times (7.) of nitroxide spin
labels, over the temperature range 18-37°C, have
suggested values of 2.5-5.0 mPa s [6-9] *. How-
ever, there are sighificant problems in interpreting
these results. Some ESR probes appear to parti-
tion into the cell membrane (e.g., Tempone) [6,10];
an unexplained restriction of Tempamine motion
has also been reported for Hb-free erythrocyte
ghosts [7]. The ESR signal from extracellular
nitroxide radicals must be quenched by high con-
centrations of unphysiological paramagnetic ions
such as nickel or ferricyanide [7] and the ESR
probes are themselves distinctly € unphysiological’.
A further problem with all of the ESR studies
cited is that the spin label = wvalues used to
estimate the viscosity of cell cytoplasm have been
calibrated against the bulk viscosity of glycerol or
sucrose solutions that contained the probe mole-
cules. It is shown in this study that bulk viscosities
calculated from probe 7, values relate only to the
solute used for the = measurements.

Measurements of 7. and of coefficients of
translational diffusion of intracellular water pro-
tons in intact animal and plant cells by NMR
indicate that the intracellular viscosity is only
about twice that of pure water at the correspond-
ing temperature [11]. However, water proton =,
values in intact cells and protein solutions are

* Absolute viscosity values were calculated from published
relative viscosity values by multiplying by the absolute
viscosity of pure water [1], at the temperature of the experi-
ment,

dominated by a small fraction of ‘bound’ water
(with short relaxation times) which exchanges
rapidly with molecules of bulk water, the latter
having 7, values close to those of pure water [11].
Furthermore, the interpretation of intracellular
viscosity estimates based on the restriction to mo-
tion of water molecules is controversial in view of
the debate over the amount of ‘vicinal’ water in
intact cells and also the question of accessibility of
all cell water to ions and small molecules [12].

A simpler NMR method used for probing in-
tracellular viscosity in suspensions of human
erythrocytes at 37°C involves measuring the *C
longitudinal relaxation times (T;) of '3C-labelled
physiological intracellular molecules; we used
glycine and glutathione (GSH) [3]. The method
relies on the facilitated diffusion of [a-'>Clglycine
into erythrocytes during incubation at 37°C and
on the subsequent enzyme-catalysed incorporation
of the labelled glycine into intracellular GSH [13].
This NMR method yields intracellular viscosity
estimates which are approximately twice that of
pure water, i.e., approx. 1.4 mPa s at 37°C [3].

In the present work we explain why the 'C-
NMR estimates of intraerythrocyte viscosity are
significantly lower than those obtained using ESR
despite both methods depending on the observa-
tion of the 7, of a small intracellular probe mole-
cule. The dependence of the intracellular NMR
viscosity on cell volume was also examined in
order to determine the maximum range of in-
tracellular viscosities attainable physiologically
and thus to assess the potential effect of changing
cell volume on the rates of diffusion-controlled
enzyme reactions in human erythrocytes.

NMR-glycine-viscosity estimates were obtained
using 7, values calculated from '*C-NMR mea-
surement at 37°C of 7] of a constant low con-
centration of [«-'"Clglycine in BSA and glycerol
solutions and also in intact human erythrocytes.
The estimates were compared with those of the
bulk viscosity, obtained by capillary viscometry.

Different values of the NMR-based viscosity
measurements, with glycine as the probe molecule,
were obtained for glycerol and BSA solutions that
had the same bulk viscosity; the results indicated
that the relative size of probe and sclute molecules
affected the estimate of viscosity. A simple geo-
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metrical model is proposed to describe the differ-
ent extent of hydrodynamic interaction that oc-
curs between a particular probe molecule and
different solute molecules.

By application of a mathematical treatment of
the viscosity of concentrated solutions, values of
phenomenological hydrodynamic interaction
parameters were determined; these allowed the
viscosity dependence of NMR-derived 7, values to
be predicted. This analysis also enabled the bulk
viscosity to be calculated from the NMR viscosity
and vice versa; consequently, it was possible to
calculate the bulk viscosity in intact erythrocytes
over a range of cell volumes.

Finally, we demonstrated that changes in the
volume of actively metabolizing erythrocytes may
be monitored using the viscosity calculated from
the estimate of 7, of a suitably labelled probe
molecule.

2. Materials and methods
2.1. Materials

BSA (powder, fraction V) was obtained from
Sigma, St. Louis, MO, [a-"*Clglycine from Merck,
Sharp and Dohme, Pointe Claire Dorval, Quebec,
and glycerol (> 99% pure) from British Drug
Houses, Poole, Dorset. Carbogen (O,:CO, =
19:1) was from Commonwealth Industrial Gases,
Alexandria, NSW, Australia and *H,O (99.75%)
was from the Australian Institute of Nuclear Sci-
ence and Engineering, Lucas Heights, NSW. All
other chemicals were of AR grade. NMR tubes
were from Wilmad, Buena, NJ.

2.2. Erythrocyte preparation

Freshly drawn, washed human erythrocytes
were gassed with Carbogen for 10 min at 25°C,
then incubated in glucose-free isotonic phosphate
buffer at 37°C with [a-'*Clglycine (25 mmol /1)
for approx. 4 h; this was sufficiently long to allow
influx of the {a-'*C]glycine and labelling of ap-
prox. 50% of GSH [3]. The exchange between free
glycine and the glycyl of GSH was then inhibited
by washing the cells twice in Krebs-bicarbonate

buffer in *H,0 containing glucose (10 mmol /1).
The cells were then washed three times with five
volumes of solutions of NaCl in *H,O at 4°C;
these had osmolalities measured at 37°C [3] of
215, 300 or 577 mosmol/kg. These suspensions
were reoxygenated with Carbogen and sampled
for erythrocyte count and hematocrit [14]. The
hematocrit was adjusted to > 0.95 and 1.8 ml of
each suspension was dispensed into 10-mm NMR
tubes. The samples were stored at 4°C until just
prior to NMR measurement, when they were
warmed to 37°C.

2.3. Solution preparation

Stock BSA solutions were prepared by adding 5
g to 10 ml 2H,O followed by slow intermittent
agitation with a magnetic stirrer under vacuum at
room temperature. The osmotic pressure of the
solution was measured (140 mosmol /kg) and then
increased by direct addition of NaCl and [a-
B3 Clglycine to 5 ml of the solution, giving a final
osmolality of 290 mosmol /kg and a glycine con-
centration of 10 mmol/1. After *C-NMR T, mea-
surements had been undertaken the bulk viscosity
of the solutions was measured at 37°C. The pD
(= p®H, uncorrected pH reading) of these solu-
tions ranged from 6.22 ((BSA]=0 g/dl) to 7.16
([BSA] = 50 g/dl).

Glycerol solutions were prepared by dilution
with isotonic saline/?H,0. A constant volume of
[a-1*Clglycine in H,0, 0.3 M, was added to 4 ml
of each dilution, giving a final glycine concentra-
tion of 10 mmol/l. Solution density was calcu-
lated from the glycerol density and that of 2H,0
(1.1052 g/ml at 20°C [1]). The bulk viscosity of
each solution was measured at 37°C. The pD of
these solutions ranged from 6.22 ([glycerol] =0
g/100 g) to 7.14 ([glycerol] = 82 g,/100 g). Prior to
I3C.NMR 7, measurement 1-2 mg EDTA was
added directly to each (1.8 ml) NMR sample to
bind paramagnetic impurities.

2.4. '5C-NMR measurements
7, and nuclear Overhauser enhancement (NOE)

measurements were made at 37°C using a Bruker
WM400 spectrometer operated in the pulsed
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Fourier transform mode; the spectrometer
frequency for *C was 100.62 MHz. The main
details of the pulse sequences have been reported
[3]; but here we used two-level, gated, broadband
proton decoupling with switching from low to
high power during data acquisition. Sample tem-
perature was checked for radiofrequency-induced
heating by using a thermocouple; none occurred.
There was good agreement between estimates of
intracellular viscosity measured from glycine and
GSH T, values. Therefore, the more time-consum-
ing GSH-glycyl measurements were performed on
only one sample (osmolality 215 mosmol/kg). A
total of 64 transients for GSH-glycyl and 16 tran-
sients per spectrum for glycine were averaged for
each of the 7; and NOE measurements in intact
cells; for the measurements on [a-'*CJglycine in
BSA and glycerol solutions, 16 transients were
averaged. Natural abundance C T, measure-
ments on glycerol were also obtained from the
glycerol solutions by averaging 16 transients per
spectrum. A spectral width of 16 kHz was used in
all experiments. The T, values were determined
from a three-parameter exponential fit onto each
data set by non-linear least-squares analysis [15].

2.5. Rotational correlation times

Estimates of 7, were obtained from 7, values
by iterative refinement of an initial value using an
expression for 7T, incorporating the appropriate
spectral density function [16,17]. Spectral density
functions relating to spherical and symmetrical
ellipsoidal rotors were used to calculate each 7, of
[a-"*Clglycine from the 7, value.

3. Theory
3.1. Concentration dependence of viscosity

The dependence of bulk viscosity on a wide
concentration range of solutes is described by
several different expressions; for suspensions of
spheres (volume fraction ¢) the relative viscosity
(mr = 1/19, 1, being the viscosity of pure solvent)
has variously been given by: 55 = (1 — 1.35¢) 77
[62,63]; mg = 1.82¢° /(1 — 1.35¢) for large ¢ [64];

1+2.5¢+2.635¢% + ...... for low values of ¢ [64]
and for extremely dilute solutions (suspensions),
e =1+ 2.5¢ [19,20]. However, the most useful
functional form for the present work is that of
Moaney [18];

ng = exp[2.50/(1 — «¢)]. (1)

where k is a molecular ‘interaction’ parameter
which accounts for first-order hydrodynamic in-
teractions. For a suspension consisting of spheres
of two markedly different diameters, eq. 1 be-
comes:

MR = eXp[2.5¢1/(1 — K — & )]
Xexp[2.56,/(1 — k¢,)]. )

where ¢, and ¢, are the volume fractions of
spheres with smaller and larger radii, respectively
[18]. The factor 2.5 was chosen so that 1n the Limit
of ¢ — 0 eq. 1 yields the expression developed by
Einstein [19,20]; the latter applies only to very
dilute solutions of spherical molecules in which no
long range hydrodynamic interactions occur be-
tween the molecules, viz:

mr=1+2.5¢. (3)

However, there is little justification for using the
value 2.5 for concentrated solutions; conse-
quently, we replaced 2.5 by an arbitrary ‘shape’
factor, », so that eq. 1 becomes:

1 = exp[re/(1 - k)], 4)

and in the present work the values of both » and «
were determined experimentally by non-linear
least-squares regression of eq. 4 onto viscosity
versus solute-concentration data obtained using
both NMR T estimates and capillary viscometry.
The volume fraction of solute in each sample was
calculated from ¢ = ¢z, where ¢ is the solute con-
centration (g/ml) and b the partial specific volume
(ml/g). Values of & used were 0.7360 ml/g for
BSA and 0.7546 ml/g for Hb [21]. A value of
0.4617 ml /g was calculated for glycerol by assum-
ing the molecules to be spherical with the same
packing density as liquid water molecules (0.58
[22]); while this value may be an underestimate,
the general conclusions reached here were inde-
pendent of a precise value (see section 5). The
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average volume of glycine residues in a protein
crystal is 66.4 A’ [23]. Thus, ¢ of glycine is 0.6218
ml/g and the volume fraction occupied by 10
mmol /1 glycine is 4.7 x 10™* 1/1 solution.

3.2. NMR viscosity (ny) as a funciion of the bulk
viscosity (ng)

Following the separate determinations of 7y
and n on the same samples it was possible to
calculate values of the interaction parameters, »
and k from a range of solute concentrations
studied by the two methods. The interrelationship
of my and 7y is derived from eq. A4 (appendix A)
and is given by:

1 =(ng)", (5)
where

Y=rn/{vu+In(ny)lxy —wn]) (6)
and

5= (ax)", (7)
where

Y* =g/ {ry+ In(nn)[rn — xp]}. (8)

Thus, given estimates of 5 and 75, for a particu-
lar solution and probe molecule, eqs. 7 and 8§
allow intracellular bulk viscosity to be calculated
from measurements of 7y in intact cells.

3.3. Rotational correlation time (1.) and viscosity

For an isotropic spherical rotor the relationship
between 7. and viscosity is given by [24]:

7, = 4777;r03/3kT, (9)

where r, is the Stokes radius, k the Boltzmann
constant and T the absolute temperature. It is
normally assumed that 3 represents the bulk
viscosity of the solution. For solutions in which
the solvent molecules have finite dimensions with
respect to those of the solute molecules, the Stokes
expression for rotational friction (8797.) is multi-
plied by a coefficient of microfriction, £, given by:

¢=[6n/r,+1/(0+r/r,)] ! (10)

where r, is the radius of the spherical solvent
molecules [25]. An equivalent factor to £ has not
been calculated for symmetrical ellipsoids but £
may provide a reasonable approximation [26].
For a tumbling symmetrical ellipsoid of revolu-
tion there are two independent correlation times,
7, for motion perpendicular to, and 7, for mo-
tion parallel to, the axis of symmetry. These are
functions of solution viscosity according to:

7, = [327a°S" /18kT |0 =K', (11)
and
T, =18"/S’, (12)

where @ and b are the respective lengths of the
semimajor and semiminor axes, K’, S’ and §”
are constants and where, for prolate ellipsoids
(a>b),

S'=(1-49%)/[(2-¢*)as 2], (13)

§”=q*(1-4¢%)/(2-¢%S), (14)

s=2m{[a+ (a* =] b} /(a2 - 1),
(15)

and g=b/a [16]. Thus, for both isotropic and
anisotropic motion, the correlation times are lin-
ear functions of viscosity in an ideal solution.

In the present work the microfriction coelli-
cient, £, was not included since the Stokes radius,
r., and the ellipsoidal shape parameters, 2°S’ and
a’S”, were determined experimentally from the
measured value of 7, (and hence 7,) and of the
bulk viscosity (ny) for the most dilute BSA and
glycerol solutions by substitutions of the experi-
mental estimates of these latter parameters into
eq. 9, 11 or 12. The values of r,, ¢S’ and ¢°S"”
may be regarded simply as constant experimental
geometrical parameters. ¢ represents the factor by
which the Stokes coefficient must be multiplied in
order to obtain the true (experimental) frictional
coefficient [25]. Consequently, comparison of val-
ues of either 7, rotational diffusion coefficients,
or of ny obtained using the experimental geomet-
rical parameters, with those estimates obtained
using geometrical parameters determined by X-ray
crystallography provides a novel way of estimating
£. Once the geometrical parameters were estimated
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in the most dilute solution, NMR viscosity esti-
matcs in the other solutions werc calculated from
the 7, values using either:

N ="13kT/dmr], (16)
or
e =1/K". (17)

This assumes that molecular size and shapc do not
change with concentration. At least theoretically,
changes in solvation and aggregation are con-
centration-dependent [27], but in the case of Hb
only very small changes in solvation have been
reported with varying solute concentration [21].

Two further simplifications are possible. First,
it is not necessary to determine both 7, and 7,
for a symmetrical ellipsoid, since the two correla-
tion times are related through the ellipsoid geome-
try [16] (see eq. 12). Secondly, when the geometri-
cal factors are determined experimentally in the
most dilute solution K’ is equal to 3kT/4nr?;
consequently egs. 16 and 17 will be identical.
Thus, identical values of 5., are obtained from the
experimental measurements of 7T, of a probe in
dilute solution whether an isotropic spherical rotor
or an anisotropic symmetrical-ellipsoidal-rotor
model is used. The former method 1s simpler and
was therefore preferred for the studies reported
here.

An alternative approach for estimating 7, is to
use the inverse relationship between T, and viscos-
ity which exists under conditions of low viscosity
when the extreme motional narrowing limit pre-
vails, i.e, (wytwc)<<1/7 [24]. If T, is the
value of T; for a probe molecule in a solution of
known viscosity 7,, then for a solution of un-
known viscosity (1y, Tx):

M =T/ Tx- (18)

Such an approach has been used previously [28]
and we show here that both Tj-ratio and correla-
tion-time methods yield identical results except
that the error associated with the 7, method is
significantly greater since an error in r, to the
third power must be considered. An estimate of r,
is required in order to calculate the translational
diffusion coefficient (D) from 7wy using the

Stokes-Einstein equation [29-31]:
D =kT/6anr,. (19)

As in the case of determining 7., the use of an
experimentally determined value of r, in eq. 19
corrects D1 for the coefficient of microfriction.
For concentrated solutions eq. 9 must be mod-
ified since it was derived originally by assuming
that no interaction takes place between the solute
molecules [32,33]. By incorporating eq. 1, an ade-
quate phenomenological description of the viscos-
ity dependency of correlation time is given by:

o= (4mr] /3T Y0, (20)

where 1, is determined from my using egs. 5 and
6.

3.4. Erythrocyte volume as a function of NMR
viscosity

As derived in appendix B, it is possible to
describe cell volume (V) 1n terms of 7. using:

V= Viso{ F+THb5o(1 — F)[r/In(ny) + kx]}
(21)

where Vg, 1s the volume of normovolemic
erythrocytes (at isotonicity), Hb g, the concentra-
tion of Hb in normovolemic cells, F the volume
fraction (relative to V) occupied by cell mem-
branes and non-Hb protein (i.e., F=1 — volume
fraction of cell water — ¢,) and 7 the partial
specific volume of Hb. The intracellular con-
centration of Hb( Hb ) at any given cell volume
was calculated from:

Hblc:Hb[Vlso/(V*FVm())]« (22)

where Hb is g(Hb)/(ml packed isovolemic cells);
this definition averages Hb,- over the total in-
tracellular volume including the volume occupied
by Hb itself. The values of the parameters used
were: Hb 0.335 g/ml [34]; Vg 80.7 fl; Hb o
0.3515 g/ml; and F 0.047 (assuming that the
intracellular water occupies 0.7 of the total cell
volume; [35]). » and ky were obtained experi-
mentally for intracellular glycine (see below).
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3.5. Bulk viscosity (vz) measurements

Measurements of 7y were obtained using an
Ostwald (capillary) viscometer in a water bath
thermostatically controlled by a mercury regulator
(Townson & Mercer, Croydon, Surrey); the tem-
perature was equilibrated at 37 + 0.01°C. The
same viscometer was used for all measurements
and was mounted so that it always occupied pre-
cisely the same position in the bath. Flow times
were recorded to within 0.01 s. Solutions were
temperature equilibrated and passed once through
the capillary before any measurements were made.
From four to eight flow-time measurements were
made on each solution.

The relative viscosity of a solution (X) was
determined from:

mr = (Px/Po)(tx/10) (23)

where p is the solution density, r the flow time
and subscript 0 refers to the water reference solu-
tion [36]. Solution density was calculated from
[36]:

px = po[1 = ¢5/100 + c/(100p; )], (24)

where ¢ is the concentration (g/dl) and 7 the
partial specific volume of the solute. The absolute
viscosity was then calculated by multiplying 9, by
¢, Where ny(H,0) = 0.6915 at 37°C [1].

Where normalised values of 5, or ny were
used these were obtained by dividing the absolute
value by the measured bulk viscosity of isotonic
saline at 37°C (0.76 mPa s).

3.5. Computing and statistical analyses

Non-linear least-squares analyses were per-
formed on Cyber 720 and 825 computers using the
modified Levenberg-Morrison-Marquardt al-
gorithm [37]. Graphs were plotted using a
Tektronix 4052 graphics computer.

Weighted means ( X;) were calculated from:

Xy = Z(fol)/zwi (25)

where w, is the weight of the i-th mean and the x;
are independent: w, =1/S.D.? (S.D., standard de-
viation) was used in all cases.

Standard deviations of the parameters T,, v
and k were estimated in the course of the non-lin-
ear least-squares regression of the relevant equa-
tion onto the respective basic data. However, error
estimates of parameter values derived from these
three parameters were calculated using the general
formula for the variance (var) of a function of
several variables:

var[g(x)] = [ g/(8)]” var(x,)
+ ¥ ¥ [8/(6)8/(6,) covlx,. x,)].
(26)

where g(x)=g(x;, x,,..., %) and g/(§) =
d[ g(x)]/dx, are evaluated at @,. 0,,..., 8, [38].

Since estimates of all the variables used were
obtained by independent measurement,
cov(x;, x;) =0 and 8.D. were obtained from vvar .
The following specific applications of this analysis
were used frequently. E[g(x)] represents the
estimate of the mean value of g(x). i.e.. the expec-
tation value of g(x), and CV the coefficient of
variation of the parameter.

Viscosity

(A) Correlation time method

var(q) = EX()[CV(5) +9CVi(rn)]. (27

(B) T, ratio method

var(n) = EX(n)[CV2 (o) + CVA(T,)
+CV(Ty)]. (28)

Translational diffusion

var(D1) = EX(D1)[CV{(n) + CVE(r)].  (29)

Stokes radius

var(r,) = EX(r)[ V() + CV3(,)]. (30)

Rorational correlation time
At the extreme narrowing limit:

var(r.) = E*(7.)CV(T,). (31)
Weighted mean
var( Xy ) =1/3 w,. (32)
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3.6. Intermolecular separation as a function of con-
centration

As derived in appendix C for the particular
case of intracellular Hb, the edge-to-edge sep-
aration (dm) can be estimated from:

Separation = 2[ M/NA]{[I/ZC]VZ’/\/E
—[35/4=]""} (33)

where M is the molecular weight, ¢ the concentra-
tion (g/ml), and N, Avogadro’s number.

4. Results
4.1. 1y and ng in BSA and glycerol solutions

Estimates of the bulk viscosity (gy) and 73, as
well as data derived from these measurements
[spherical rotor correlation times and viscosities
calculated from 7, by both 7j-ratio (%-N1) and
correlation-time (7-N2) methods], are given in ta-
bles 1-3. The Stokes radius of glycine, r,, was
taken as the weighted mean of four estimates; it
was calculated using eq. 9 and the measured bulk
viscosity, and 7, of 10 mM [a-'*Clglycine, in iso-
tonic saline.

These data illustrate that 7, r, and viscosity

Table 1

The concentration dependence of T3, correlation time and viscosity

are all solute-concentration dependent. However,
with increasing concentration, the increase in
NMR viscosity was less than that observed for the
bulk viscosity. 7;-ratio and correlation-time meth-
ods yield similar viscosity estimates (identical, if a
single estimate of the Stokes radius was used in
the calculation of 7-N2). As anticipated, larger
standard deviations were calculated for the esti-
mates obtained for the correlation-time method.
The data for bulk viscosity and NMR viscosity
(n-N2 only) are compared in figs. 1 and 2. The
results illustrate that, with increasing solute con-
centration, the increase in NMR-glycine-viscosity
was less than the observed increase in 7. The
difference between the estimates was less when the
viscosity was adjusted with glycerol (fig. 2) than
when BSA was used (fig. 1). Nevertheless, a pro-
gressively increasing difference remained, even
when a self-probe, natural abundance *C-labelled
glycerol, was used instead of [a-'>Clglycine to
probe the viscosity of the glycerol-water solutions
(fig. 2). The values of the » and x determined by
non-linear regression of eq. 4 onto the normalised
viscosity data are given in the legend of each
figure; these parameters were then used to draw
the solid lines through each data set. Eq. 2 was
also fitted to each data set by using a value of
4.7x107* for ¢(glycine) and substituting » for
the factor 2.5. However, because the volume oc-

Viscosity adjusted with BSA, NMR probe: [a-'’Clglycine. Temperature, 37°C. Each solution contained [ a-'*Clglycine (10 mmol /1).
The same solutions were used for both viscometry and NMR relaxation measurements. 7, was calculated assuming isotropic motion
of a spherical rotor. Viscosity measurements were calculated from Ostwald viscometry (5y), the T, ratio (eq. 18; »-N1) and 7, (eq.
16; n-N2). The Stokes radius of glycine used to calculate n-N2 was 1.7400 + 0.008 (the weighted mean of four separate estimations
made under identical conditions). Error estimates represent 1 standard deviation (S.D.). The S.D. of 7, may be obtained by using eq.
31 to calculate the variance. NOE measurements were not significantly different from 2.988.

[BSA] T 7, Mg 7-N1 n-N2
(g/dl) (s) (s)(x10'%) (mPa s) (mPa s) (mPa s)
0.000 5.99+0.33 3.89 0.759+0.003 0.759 + 0.005 0.76 +0.04
3.125 6.05+0.33 3.85 0.832 +0.005 0.751 + 0.005 0.75+0.04
6.25 4.70+0.31 4,95 0.920+0.004 0.967 + 0.007 0.96 1 0.07
9.375 4184 0.29 5.57 1.013 +£0.007 1.088 + 0.009 1.08+0.08
125 413+0.12 5.64 1.136 +£0.005 1.101 +0.004 1.09+ 0.04
15.625 4.1140.25 5.66 1.29440.010 1.106 + 0.007 1.10£0.07
30.0 3.07+0.19 7.58 291 +0.04 1.481+0.010 1.47+0.10
50.0 2.4740.14 9.43 317 124 1.841+0.012 1.8340.11
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Table 2
The concentration dependence of T, relaxation, correlation time and viscosity

Viscosity adjusted with glycerol. NMR probe: [a-'*CJglycine. Temperature, 37°C. Details are as for table 1. No NOE measurement
was significantly different from 2.988. The variation in T, errors represents fluctuations in instrument performance within a
continuous sequence of experiments.

[Glycerol] n T N3 7-N1 1-N2
(g/100 g) (s) (s)(x 10”) (mPa s) (mP4a s) {mPa s)

0 59 +0.6 3.95 0.8495 4+ 0.0010 0.850 £0.021 0.76 + 0.08

6 6.5 109 3.58 0.95834+0.0018 0.771 £0.023 0.69+0.10
11 42 105 5.54 1.103340.0013 1.193 £0.025 1.07+0.13
22 29 £0.7 8.03 1.473 +0.003 1.734+0.12 1.6+04
35 2.39 +0.08 9.74 22213+ 0.0029 2.097 +£0.011 1.89+0.07
38 244 +0.09 9.54 2.4355+0.0010 2.054+0.012 1.854+0.07
60 1.3540.06 17.27 6.0585 4+ 0.0024 3.713 £0.012 3344015
82 0.337 £0.009 T1.24 3371 +005 14.87 £0.16 13.8 £04

cupied by glycine molecules is insignificant com-
pared with that occupied by the main solute(s),
there was no difference in the values of » or «
obtained.

4.2. 7, as a function of Ny

The progressive deviation of experimentally de-
termined values of r, from those predicted by eq.
9 for an “ideal’ solution is illustrated in figs. 3 and
4. As anticipated from the results shown in figs. 1
and 2, 7,.(glycine) is more sensitive to changes in
1y induced by glycerol than io changes of equal

Table 3

magnitude induced by BSA. The lines drawn
through the experimental =, values in figs. 3 and 4
were calculated using eq. 20, with 5, values de-
termined from 74 using eqs. 5 and 6.

4.3. NMR-glycine-viscosity in Hb solutions and in
infact cells

The measurement of 7, and NOE for intracel-
lular [a-"*Cglycine is illustrated in figs. S and 6.
T, and NOE values and derived hydrodynamic
parameters for [a-*Clglycine in human erythro-
cytes at three representative cell volumes are sum-

The concentration dependence of T| relaxation, correlation time and viscosity

Viscosity adjusted with glycerol. NMR probes: glycerol [-'*CH-] and glycerol [-1*CH,] * Temperature 37°C.

[Glycerol]  [-CH-] {-CH,] [-CH-] [(-CH,] LIS [-CH-] [-CH;]
(/100 g) T T, ® 1 A (mPa s) 7-N2 7-N2

(s) (s) GXX10"y  (s)(x10') (mPa s) (mPa s)
6 62 106 38 +04 7.51 6.13 0.9583 +0.0018 0.96 +0.13 0.96+0.15
11 41 105 23 +03 11.36 10.13 1.1033 +0.0013 1.45+0.22 1.58+0.27
22 46 +04 225 +005 1013 10.35 1.473 +£0.003 1.29+0.16 1.62£0.19
35 29 +0.3 1.61 +0.24 16.08 14.47 2.221340.0029 2.0540.28 2.26+0.25
38 28 +0.4 1.71 £0.12 16.65 13.63 2.4355 +0.0010 2.13+0.36 2.13+0.28
60 1754025  0.999+0019  26.72 23.38 6.0585 +0.0024 3.4 +0.6 3.65+0.42
80 0.60+0.02 037 +0.01 80.75 64.55 3371 +£0.03 10.3 +1.0 101 +1.2

2 Natural abundance '>C. Other details as for table 1. Note that 4-N2 measurements were calculated from 7,.
® The samples were identical to those used in table 2; both glycerol relaxation and bulk viscosity data were derived from the same
cxperiments as the data for glycine in table 2. The increase in self-concentration of the glycerol probe has not heen considered in

the calculation of »-N2.
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Fig. 1. NMR and bulk viscosity versus volume fraction of
BSA: the viscosity was adjusted with BSA and the NMR probe
was [a-'?Clelycine. Temperature 37°C. (@) NMR data, (O)
bulk viscosity measurements. The lines were calculated by
non-linear lcast-squares regression of eq. 4 onto the data. The
interaction parameters obtained were: NMR viscosity, » =35.1
+0.6, k =—2.99+0.38 bulk viscosity, »=4.611+0.14, x=1.48
+0.04. Viscosity measurements were normalised so that ¢ =0,
n=1

marised in table 4. The data illustrate the progres-
sive decrease in 7 and increase in 7, with de-
creasing cell volume. Also shown are the data
obtained in swollen erythrocytes (volume 115.8 f1)
using [ glycyl-a-"*CIGSH as the viscosity probe. As
anticipated from previous studies in normovo-
lemic erythrocytes [3], in spite of large differences
between glycine and GSH-glycyl T, and hence r,,
values, reasonably (see section S) similar values
for intracellular 5 were obtained with each probe.

The intracellular Hb concentration (and hence
¢p) at each of these cell volumes was calculated
by using eq. 22. Therefore, it was possible to use
the 5y data at each volume to calculate the inter-
action parameters, v and ky, for the intracellu-
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Fig. 2. NMR and bulk viscosity versus volume fraction of
glycerol; the viscosity was adjusted with glycerol and the
temperature was 37°C. The interaction parameters calculated
for the bulk viscosity (o) were » = 3.68 + 0.07, k =1.146 +0.020
and for the NMR-[a-'"Clglycine-viscosity (O) » = 2.76 + 0.28,
x=1.2340.09. NMR viscosity calculated from natural abun-
dance glycerol [-1*CH-] and glycerol [-'*CH,] (@) NMR-CH-
viscosity. ¥p; =3.1+0.3, ky; = 0.91 +£0.14: NMR-CH,-viscos-
ity, 2 = 3.6+0.4, xy; = 0.70+0.18. Although the individual
data points for NMR viscosity determined by each glycerol
probe were indistinguishable graphically, the interaction
parameters obtained by non-linear regression analysis differed
sufficiently to yield the separate lines shown.

lar Hb solution probed by [a-'*CJglycine in the
same way that these parameters were obtained in
BSA and glycerol solutions. Bulk viscosity interac-
tion parameters, vy and «y, were determined by a
non-linear least-squares fit of eq. 4 onto published
data for Hb [39]. The results are shown in table 2.
Also shown are normalised values of intracellular
7y calculated from %y of the intact erythrocytes
by using egs. 7 and 8; these may be converted to
absolute values at 37°C by multiplying by =,
(0.76 mPa s; table 1). The experimental intracellu-
lar ny is shown in fig. 7. This illustrates that the
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Fig. 3. [a-'*C]Glycine correlation time as a function of nor-
malised bulk viscosity. Temperature 37°C. (Q) Viscosity ad-
justed with BSA; (®) viscosity adjusted with glycerol. The line
marked ‘ideal’ is a plot of 7, = 47qrl/3kT with r, (1.583%
10~ % cm) determined from the solution of lowest (normalised)
viscosity. The log-log plot was used for compression of the
axes. Data are from tables 1 and 2. Eq. 20 was fitted to the
empirical data using the interaction parameters listed in the
legends to figs. 1 and 2.
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Fig. 4. Glycerol correlation time as a function of normalised
bulk viscosity, Temperature 37°C. Viscosity was adjusted with
glycerol. (O) Glycerol [-**CH-], (@) glycerol [-'*CH,). The
solid lines are plotted as for fig. 3 with the Stokes radius
calculated as 1.895% 1078 cm for [-'*CH] and 1.770 X108 cm
for [-'"*CH,]. Data were derived from tables 2 and 3. Other
details as for fig. 3.

Fig. 6. Measurement of NOE of predominantly intracellular
[a-13*Clglycine (b) in human erythrocytes in isotonic Krebs
buffer; He, 0.80. NMR: 16 transients per spectrum; 37°C.
Selective proton decoupling at resonance b. Spectrum A with
NOE, spectrumn B without NOE, Peak a is intracellular { glycy/-
a-? C]JGSH.

. ) i -
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Fig. 5. Measurement of 77 of predominantly intracellular
[a-"3Clelycine (b) in human erythrocytes (in isotonic Krebs
buffer; He, 0.80) by the inversion-recovery method. Spectra of
partially reluxed spins at five different delay times between the
180 and 90° pulses. NMR: 16 transients per spectrum; 37°C.
Peak a is [glycyl-a-'*CIGSH. Selective proton decoupling of
13C at resonance b.

48 43 38



Table 4

3C.NMR T}, NOE values and hydrodynamic parameters for [a-'?Clglycine and of {glyeyl-a-'*CIGSH in erythrocytes at three
representative ccll volumes in two experiments (A, By at 37°C

The final He of each suspension was 0.95. D was calculated from ny-average using eq. 19, with Stokes radii: glycinc,
r, = (1.740 1 0.008) x 10~ % em; GSH, r, = (3.06 £ 0.09) < 10~ ¥ cm. Uncertainty estimates represent 1 8.D.

Cell volume (f1)

1158 80.7 61.6
ECF 7 * {mosmol /kg) 215 300 577
ECF 55 (mPas) 0.756 £+ 0.004 0.760 +0.003 0.769 +0.002
Glycine
T, () A 355 +0.18 3.45+0.15 2.77+0.18
B 389 +0.07 2974012 2544012
NOE A 3.00 - -
R 27 3.00 -
T (SYX10'%) A 6.56 6.75 .41
B 5.97 7.84 9.17
7 (mPa s) A 127 +£007 1.31£0.06 1.63+0.11
B 1.16 £0.03 1.52+0.06 1.77£0.09
nn-average © (mPa s) 117740028 - 1.42+40.04 1.71+0.07
D, (cm?/s)(x 107) 1.11 +0.03 0.92+0.03 0.76 £0.03
GSH-glycyl
T,(s) A 0.924+0.08
B 0844012
. (s} x10'%) A 254
B 27.8
7y (mPa s) A 3.9110.11
B 0.99+0.17
nn-average © (mPas) 0.934 +0.009
Dy (em?/s)(x 10°) 0.79+0.02

* Extracellular osmotic pressure.
b Extracellular fluid bulk viscosity.
© Weighted average of ny A and B.

Table 5

Concentration-dependent interaction parameters ? calculated for normalised bulk- and NMR-glycine-viscosity estimates of hemo-
globin (Hb) in free solution and in human erythrocytes at 37°C

Hemoglobin solution

[Hb] ® SHp T8 ¥B Kp

(g/ml) (mPa s)

0.12 0.091 1.44 3.8+05 2.27+0.23

0.21 0.158 2.5884

0.315 0.238 7.388 ¢

0.318 0.24 7311

Erythrocyte hemoglobin (probe: [ a-'3Clglycine)

Cell [Hb] Pup * AN © Mg f VN KN

volume (g/ml)

(f)

115.8 0.241 0.182 1.537 2.47 2.480£0.018 —0.253+0.025
80.7 0.352 0.265 1.854 9.89
61.6 0.468 0.353 2232 632.36

¢ All values of 9 were normalised to isotonic saline,/2H,0 ( = 0.76 mPa s).
® Intracellular [Hb] calculated using eq. 22 for g, = 80.7 fl.

¢y, calculated using © = 07546 ml/g [21].

g values from ref, 39.

7 values from table 5.

Intracellular 5y values were predicted wsing eqs. 7 and 8,

- 0 a
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Table 6

349

Literature estimates of intracellular viscosity in normal human erythrocytes at 1sotonicity

MCHC: mean corpuscular hemoglobin concentration. Uncertainty estimates represent +1 8.D.

Method (Calibration) Temperature Viscosity Rel.
Probe °C) (mPa s)
(I) Viscometry
1. Céll suspensions * 37 2-100 4
2. Hb solutions 37 7.4 39
(I1) Predicted
1. From MCHC 37 9-54 48, 65
(11T) ESR
1. Tempamine =) 18 419+007° 6
2. Tempaming ) 25 49+18" 7
3. Tempamine - 21 33° 8
4. MAL-5-GSH (sucrose) 20 4.45+0.16 9
5. MAL-5-GSH (sucrose) 37 25 9
(IV) NMR
1. [a-"3C]Glycine (BSA, Hb, 37 1.38+0.03 3
glycerol)
2. [glyeyla-1*CIGSH @) 37 1.2640.11 3

4 Absolute viscosity dependent on shear rate, hematocrit and MCHC.
b Calculated from relative viscosities by multiplying these by the absolute viscosity of pure water at the temperature indicated.
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relationship between ny and #ny in Hb solutions
was qualitatively similar to that observed in BSA
solutions. In particular, the theoretically expected
values of ng show an exponential increase as cell
volume is reduced below normal, but this relative
increase was not evident in the increase in the
NMR-glycine-viscosity.

4.4. Erythrocyte volume as a function of NMR-
glycine-viscosity

The theoretical relationship between erythro-
cyte volume and NMR-glycine-viscosity predicted
by eq. 21 is shown in fig. 8; this was drawn using
the hydrodynamic interaction parameters, »y and
Ky, given in table 5. Also shown are three esti-

Fig. 7. Viscosity of Hb solutions at 37°C: (O) free solution
(measured by Ostwald viscometry); (@) intracellular Hb (probed
by [a-'>Clglycine). The intracellular Hb concentration was
varied by changing the cell volume. The solid lines represent
eq. 4 (cf. fig. 1) plotied using the interaction parameters listed
in table 6. Viscosity measurements were normalised so that at
¢ =0, 7 =1 (see footnote, table 5).
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Fig. 8. Erythrocyte volume as a function of NMR-glycine-
viscosity at 37° C. The solid line represents eq. 20, drawn using
the viscosity interaction parameters calculated in table 5. The
three points shown are the erythrocyte volume —(normalised)
7w data for glycine from table 4.

mates of 7 made at three different cell volumes
(table 4). These points must fall on the theoretical
line since they have been used to calibrate the
NMR-glycine-viscosities as a function of ¢y,
However, once the NMR-probe-viscosity has been
calibrated, a single measurement of 7T, of the
intraceliular-probe will aliow calculation of the
cell volume. It can also be seen that, with in-
creasing NMR viscosity, the cell volume ap-
proaches asymptotically the volume occupied by
the Hb molecules, However, since the erythrocyte
membrane is not stable at cell volumes above
approx. 140 fl, or below approx. 60 fl, the physio-
logical range of normalised NMR-glycine-viscosi-
ties is from approx. 1.4 to approx. 2.2, ie., an
absolute viscosity range from approx. 1.1 to 1.7
mPa s; standard deviations of the volume esti-
mates are approx. 10%.

5. Discussion
5.1. BSA and glycerol solutions

The use of '*C-NMR and of '’*C-enriched
glycine as a viscosity probe enables simple analy-
sis of T, relaxation data: the low concentration of
probe molecules and the finding of almost maxi-
mal NOE values indicated that the mechanisms

contributing to this relaxation are purely dipole-
dipole and intramolecular. Thus, the calculated
correlation times represent purely rotational mo-
tion of the probe molecules that results ultimately
from the Brownian motion of the solvent mole-
cules.

The rate of rotational motion of a spherical
probe in an ideal solution is given by eq. 9 (but
including the microfrictional coefficient). There-
fore, at low solute concentrations, the viscosities
obtained from 7, values by using eqgs. 16 and 17,
viz., NMR-probe-viscosities, should equal the bulk
viscosity of the solution. This equality was ob-
served at low solute concentrations in both BSA
and glycerol solutions (figs. 1 and 2)

The calculation of the Stokes radius, 7y, from =,
in the solution of lowest bulk viscosity empirically
takes account of the coefficient of microfriction,
£. It is therefore possible to estimate £ for spheri-
cal (or ellipsoidal) rotors by comparing NMR
viscosity values calculated using eq. 16 (or 17) and
experimental geometrical factors with values of
n~ calculated using r, determined directly from
the molecular geometry. For example, in isotonic
saline (bulk viscosity = NMR viscosity = 0.76 mPa
s; tables 1 and 2) at 37°C the measured 7(glycine)
was 3.8856 x 107! s which gives an empirical
value of r, of 1.74 A. The dimensions of the
zwitterionic glycine molecule were estimated from
a CPK model (Corey-Pauling-Koltun; Ealing,
Waterford, UK.) by using Vernier callipers. This
gave 3.06, 2.28 and 2.08 A respectively for the x,
y and z axes of an ellipsoid; a symmetrical prolate
ellipsoid of equal volume would have semiaxes
major (a) and minor (b) lengths of 3.06 and 2.27
A, respectively, and an equivalent volume sphere
would have a radius = (ab?)"”* =251 A. At the
same value of 7, application of eq. 16 to the
sphere with radius 2.51 A would give a value of
0.25 mPa s for the NMR viscosity. Therefore,
£ =[NMR viscosity (known dimension)]/[NMR
viscosity (empirical dimension)] = 0.5,/0.76 = (.33.
This compares well with the theoretical estimate
for glycine in water, which was calculated to be
0.23 by using eq. 10 and a Van der Waals radius
of water of 1.6 A [22].

Since eq. 9 was derived for ideal solutions
[24,32,33] it was not surprising that in con-
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centrated BSA and glycerol solutions substantial
deviation occurred between the bulk and NMR
viscosity values. It was possible to quantify this
deviation by applying theory developed for con-
centrated suspensions of spheres (eq. 4) to both
NMR and bulk viscosity estimates obtained for
the same solutions. This allowed two sets of phe-
nomenological hydrodynamic interaction parame-
ters (v, Kn) and (rg, Kp) to be obtained for each
probe-solute-solvent system. These were then used
to calculate the bulk viscosity from the NMR
viscosity and vice versa by applying eqs. 5-8.
Similarly, by using eq. 20, we calculated the con-
centration-dependent deviation of probe 7, values
from those predicted for an ideal solution (by eq.
9.

It was also observed that different 7, and NMR
viscosity values were obtained when using the
same conecentration of [a-'*Clglycine probe mole-
cules in BSA and glycerol solutions having identi-
cal bulk viscosities (fig. 3). Furthermore, in the
case of glycerol solutions, the use of a self-probe
yielded values different from those obtained with
[«-"*C]glycine (fig. 2). These results indicate that
estimates of NMR viscosity are unique to each
probe-solute-solvent system and will yield unique
values in different systems even if the bulk viscosi-
ties of the systems are the same. Consequently, it
is incorrect to infer a *microviscosity’ of a sample
from a particular value of =, using probe 7, values
that have been calibrated against bulk viscosity in
a solution of substantially different composition.
Such considerations apply to ESR estimates of
erythrocyte microviscosity obtained following
calibration of the spin-probes in either glycerol or
sucrose solutions [7,9,40]. Indeed, the term mi-
croviscosity is best avoided unless the probe mole-
cule is also specified; as in ‘glycine microviscosity’.
We have avoided this term altogether and have
specified both the method and probe molecule, as
in ‘NMR-glycine-viscosity’.

Both long- and short-range interactions may
occur between probe and other solute molecules.
However, it is unlikely that significant differences
in electrostatic interaction were present in BSA
compared with glycerol solutions since within the
experimental pH range in both solutions glycine
was zwitterionic (the pK, values of glycine are

2.35 and 9.78; [41]), and the experiments were
conducted in a polar solvent containing abundant
NaCl (50-154 mmol/1). In any case any interac-
tion model must account for the similar exponen-
tial concentration dependence of glycine and
glycerol 7, values in glycerol solutions; this is in
contrast to the almost linear concentration depen-
dence of glycine 7, values in BSA and Hb solu-
tions,

A simple geometric model is therefore proposed
to account for the different degrees of interaction
between the probe and solute in the different
solutions. The model assumes that the molecular
interaction between probe and solute molecules is
purely hydrodynamic; the interactions which pro-
duce the changes in r, and NMR viscosity vary
with the relative sizes of the probe and solute
molecules. Where the solute is much larger, e.g., a
glycine probe in BSA solution, the solute will have
little hydrodynamic influence on the free rotation
of the probe. Where they are of similar size, e.g., a
glycine probe in glycerol solution, small changes
in solute concentration will readily alter probe
rotation rates. Such differences may be a manife-
station of a greater degree of shielding of the
prabe by solvent where the probe-solute size dif-
ference is large. For instance, if BSA molecules
(assumed to be spheres) are completely
‘close-packed’ in a hexagonal lattice, large gaps
comprising 26% of the available volume will re-
main in which the small probe molecules, shielded
by water, can undergo relatively unrestricted rota-
tional and, to a lesser extent, translational diffu-
sion. Thus despite an exponential increase in the
bulk viscosity as ¢ — 0.74 there will be only a
small increase in 7, (glycine) and hence the NMR-
glycine-viscosity. Consistent with this model is the
finding that, when intracellular viscosity is in-
creased by allowing human erythrocytes to equi-
librate with glycerol (to a calculated intracellular
glycerol concentration of 30 g/dl), the 7. and
NMR-glycine-viscosity values reflect only the
glycerol concentration so that the normal in-
tracellular-extracellular viscosity difference is
eliminated [42]. This has been suggested as a pos-
sible basis for the cryprotective effect of glycerol
during storage of human erythrocytes [42].
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5.2. Intact human erythrocytes

The finding of a value of approx. 1.4 mPa s for
NMR-glycine-viscosity in intact normovolemic
cells at 37°C (table 4, cell volume 80.7 fl) con-
firms previous observations [3} and also confirms
that NMR viscosity estimates are significantly
smaller in magnitude than those obtained by other
methods (table 5). There are several possible rea-
sons for higher values of intracellular probe
viscosities determined by ESR. First, the probes
used in ESR measurements are larger than glycine
and, as indicated by the results reported for BSA
and glycerol solutions, a larger probe molecule
will give larger values of =, and viscosity. Sec-
ondly, some ESR probes partition into the cell
membrane, €.g., Tempone [6,10,43] and possibly
also Tempamine [7,9]. Thirdly, ESR probe correla-
tion times were not calibrated in Hb solutions, but
rather in glycerol and sucrose solutions [7,9,40]

The observed changes in intraerythrocyte
NMR-glycine-viscosity with alteration of cell
volume follow the expected change in the con-
centration of Hb; as cell volume decreased from
115.8 to 61.6 fl the average NMR-glycine-viscosity
increased from approx. 1.2 to approx. 1.7 mPa s
(table 4). While a qualitative change of this type is
easy to anticipate, its occurrence has only recently
been verified directly by using ESR; however, as
indicated above, ESR probe viscosity estimates
yield a higher viscosity range depending on the
specific probe and temperature used; approx. 3 to
approx. 8 mPa s for 22755 -tetramethyl-3-
maleimidopyrrolidinyl-N-oxyl-GSH (MAL-3-
GSH) at 20°C [9] and approx. 1.56 to approx. 5
mPa s for Tempamine at 25°C [7]. These three
different viscosity ranges support the hypothesis
advanced above that 7, measurements in con-
centrated solutions give estimates of viscosity
which vary directly with the relative size of the
probe molecule (in the absence of internal or
segmental motion within the probe).

It is therefore suggested that the correct viscos-
ity estimate is the one which defines the restriction
of motion pertinent to the system under investiga-
tion. This is illustrated by two examples:

5.2.1. Diffusion-controlled enzymic reactions

In order to ascertain whether a particular reac-
tion is subject to diffusion control, the coefficients
for translational diffusion ( D) of the reactants in
the reaction medium are required in order to
calculate the theoretical second-order rate con-
stants (&, for a bimolecular reaction [44]). The
calculated value of &, may then be compared with
experimental values. Alternatively, the collision
frequency between substrate and enzyme may be
estimated directly from the viscosity of the reac-
tion medium [45]. However, while the self-diffu-
sion of proteins in aqueous solutions is approxi-
mately inversely proportional to the solution
viscosity, this is not the case for small molecules
such as water in protein solution [46]. Further-
more, it is difficult in intact cells to use traditional
means of measuring diffusion coefficients, since
diffusion is restricted. On the other hand, it is
relatively simple to use eq. 19 to calculate D
from the viscosity actually experienced by the
molecule in situ, i.e., from the NMR or ESR probe
viscosity [3].

In the normal circulation, erythrocytes traverse
osmolalities ranging from 287 mosmol/kg in the
general circulation [47] to 1200 mosmol /kg in the
vasa recta at the tip of the renal medulla [48]
Consequently, human erythrocytes may undergo
almost the entire range of volume changes de-
picted in fig. 8. Consequently, such volume changes
should (transiently) alter the rate of diffusion-con-
trolled reactions involving small substrates similar
in size to glycine to the same extent that NMR-
glycine-viscosity is altered, ie., by a factor of
approx. 1.7/1.2 = 1.4. An example of such a reac-
tion is that catalysed by superoxide dismutase,
which has a second-order k, of 2 X 10% 1 /mol per
s [49,50]. Greater changes in reaction rate may
occur if the substrates are larger or are normally
present in ‘limiting’ concentration, i.e., much be-
low the Michaelis constant of the enzyme in-
volved.

5.2.2. Cell deformability

Reversible isochoric changes in erythrocyte
shape occur continuously in vivo in the dynamic
circulation and are essential for cell survival dur-
ing passage through normal capillaries 4-7 pm in
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diameter and particularly during diapedesis where
erythrocytes passing through splenic sinusoids
must traverse interendothelial slits 0.2-0.5 pm
wide [51,52]. Since deformation involves bending
and local stretching of the membrane as well as
the flow of the internal fluid, cell deformability is
a function of the flexibility of the membrane and
the viscosity of the cytoplasm [53,54]. Since the
contribution of the intracellular viscosity to defor-
mability involves flow, the appropriate measure is
the bulk viscosity, which can be calculated from
the NMR-probe-viscosity using eqs. 7 and 8. As
shown in fig. 8, a halving of erythrocyte volume
(from approx. 120 f1) will produce an exponential
increase in the bulk viscosity of the cytoplasm (to
approx. 484 mPa s). An exponential increase in
the bulk viscosity may be anticipated with the
onset of close packing of the intracellular protein
molecules. The edge-to-edge separation between
Hb spheres was estimated, using eq. 33, to be 32,
22 and 15 A at cell volumes of 115.8, 80.7 and
61.6 fl, respectively. These distances confirm that
the intraceliular bulk viscosity increased exponen-
tially when the intermolecular separation of Hb
molecules was less than the molecular radius of
Hb (~ 27 /0\), L.e., with the onset of close packing.
As anticipated from the experiments in BSA solu-
tions, the intracellular NMR-glycine-viscosity in-
creased only slowly over the same cell volume
range. This disparity between intracellular bulk-
and NMR-viscosity estimates is corroborated by
the finding that Tempone correlation times in
gelled solutions of deoxyhemoglobin S are no
greater than those in non-gelled Hb of the same
total concentration [55] (table 6).

Small increases in intracellular bulk viscosity
may be of physiological significance. Erythrocyte
aging is associated with an increase in density and
a corresponding increase in the mean corpuscular
Hb concentration from 0.317 to 0.375 g /m1 [56,57].
These values indicate that the bulk viscosity
changes from approx. 5.6 to approx. 15.3 mPa s
while the NMR-glycine-viscosity increases from
approx. 1.3 to approx. 1.5 mPa s, It has been
suggested that cellular rigidity may determine the
survival of erythrocytes in the circulation [58]. By
reducing erythrocyte deformability and delaying
the passage of erythrocytes through the spleen, the

calculated 3-fold increase in bulk viscosity could
well determine the clearing of senescent cells from
the circulation. However, it seems unlikely that
the small associated increase in the viscosity expe-
rienced by small molecules (illustrated by the in-
crease in the NMR-glycine-viscosity) could ex-
plain the decrease in enzymic activity in old
erythrocytes reported for superoxide dismutase
[59].

Finally, the use of eq. 21 to calculate the cell
volume from the intracellular NMR-glycine-
viscosity (fig. 8) illustrates that, after calibration, a
single measurement of the intracellular glycine T,
will allow erythrocyte volume to be determined as
well as the intracellular viscosity; although a more
precise NMR method for the former parameter
has recently been reported [66].

Appendix A: Interrelationship between bulk and
NMR viscosity

Rewriting eq. 5 by using the subscript B to
denote bulk viscosity and making ¢ the subject,
gives:

¢B=In(ﬂ3)/[VB+"B ln(ﬂB)]- (A1)

An identical expression may be written in terms of
¢n with the subscript N denoting the NMR-
probe-viscosity:

¢N=1n(’ﬂN)/[”N+"N ln("lN)]- (A2)

Since bulk and NMR viscosity measurements were
obtained for the same solutions ¢p= ¢y =o.
Combining eqgs. Al and A2 gives:

NN =15, (A3)
where
‘P"'VN/{”BJfln("'B)["B_"N]}- (A4)

By a similar procedure an expression for ng is
found. This 1s of identical form to 7, but with the
subscripts interchanged and is given in section 2
(eqgs. 7 and 8).

Since 1, is determined ultimately by the forces
acting in the local environment of the molecular
species it is appropriate to define it according to
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the local viscosity, i.e., the NMR viscosity; accord-
ingly eq. 16 becomes,

7, = (dmry /3kT Yy (AS)

Appendix B: Cell volume as a function of in-
traerythrocyte NMR viscosity

Substituting ¢ for ¢ in eq. A2 gives:

c= {E[VN/IH(TIN) + "N]}

Hb is the principal space-occupying solute in
erythrocytes; therefore ¢ = mass(Hb)/ (intracel-
lular volume). The mass of Hb in a cell is constant
and given by:

mass(Hb) = Hb oViso(l — F), (B2)

-1

(BL)

where Hbqq, Viso and F are defined in section 3.
Consequently, the intracellular solution volume,
Vic, 1s given by:

Vie = HbsoViso (1 = F){5[vn/In(nx) + 50] }.
(B3)

The total erythrocyte volume V' is equal to (Ve +
FViso) so that,

V= Viso{ F+0Hbso(1— F)[ry/In(ny) + 5]}

(B4)

Note that it is also possible to rewrite eq. B4 as a
function of the extracellular osmolality using a
published expression for erythrocyte osmometer
behaviour [14].

Appendix C: Intermolecular separation of Hb
molecules in erythrocyte cytoplasm

Hb molecules are assumed to be spherical,
non-aggregated, and maximally and symmetrically
dispersed in the cytoplasm. When the Hb con-
centration is maximal, the Hb spheres will be
arranged in cubic closest packing. Hence each
sphere will have a coordination number of 12 [60].
if the space remaining between such maximally
close-packed spheres is equally divided among the

spheres, each sphere will be enclosed in a regular
rhombic dodecahedron and touch each adjacent
sphere at the midpoint of the rhombic face [60].
Thus, the Hb molecule can be considered as the
insphere of a regular rhombic dodecahedron, i.e.,
the radius of Hb (Ry,) equals the radius of the
insphere (R|). When the Hb concentration is sub-
maximal, the centre of the Hb spheres is assumed
to remain at the centre of the rhombic dodeca-
hedron, but now Ry, < R|. The edge-to-edge sep-
aration between Hb molecules is then given by
2R, — Ryy).

If the shorter diagonal of each rhombic face has
length 2L, then the radius of the insphere (Ry) is
L/2 and the centre-to-centre distance between
adjacent spheres is 2Lv2. N such dodecahedra
will have a volume of 16 NL?*: therefore, for unit
volume of solution L = (1/16N)3. Since N rep-
resents the number of Hb spheres enclosed by
rhombic dodecahedra, then in one cell,

L=[M/16cN,]"" (C1)

since ¢N,/M is the number of Hb molecules per
cell; ¢ is the concentration (g/ml), M the molecu-
lar weight and N, Avogradro’s number. The radius
of the insphere is therefore given by:

Ry =v2[M /16N ] (C2)

Since the volume of one Hb molecule is equal to
Mv/N,, where U is the measured partial specific
volume (ml/g), then the radius of Hb is given by

Ry = [3M5 /47N, "7 (C3)

Thus, the intermolecular separation (in dm) is
given by:

Separation = 2[M/NA]1/3{[1/2c]1/3/\/f
—[38/471'"}. (ca)

Since the volume fraction, ¢, =cb, then eq. C4
may be written as:

Separation = 2[ 6M /N, ]1/3{ [1/4:1)\/5] e
- [3/471""} (C5)

An important result from eq. C5 is that the in-
termolecular separation is zero when ¢ =
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7/3Y2 = 0.74048......; thus, provided that 12 is the
maximum coordination number, then 0.74 is the
maximum packing density of close packed spheres.

In order to apply this method generally to the
calculation of intersphere distances, all that is
required is an estimate of N, the number of spheres
per unit volume and the absolute value of the
sphere radius. For example, the separation be-
tween erythrocytes in suspension can be calculated
from the hematocrit ( Hc) if the cells are assumed
to be spherical. N, the number of cells (per mm®)
is given by:

N = (Hc/V)x10° (Ce6)

where V is the cell volume (fl) and Hc is frac-
tional [61]. Assuming V' to be constant and nor-
mal, e.g., 90 fl, then eq. C2 becomes:

R, = V2 [90/( Hc x 16 x 10'2)]? (C7)

with R| given in cm. A sphere of volume 90 f] has
a radius of 2.78 X 10~ * cm. An equation for inter-
cellular separation (cm) analogous to eqs. C4 and
C5 is therefore:

Separation = 2{[1.591 x 10~ /Hc] '

~278%x107%}. (C8)
Eq. C8 simplifies further to:
Separation = [5.032/(Hc)1/3 - 5.56] X 1074,
(C9)

Using the radius of the sphere (2.78 X 10™* in this
example) as a distance parameter, estimates of
intercellular separation obtained using eq. C9 may
also be expressed in terms of radii using:

Separation’ = Separation/(2.78 X 107*).  (C10)

Adding 2 to the result of eq. C10 yields the
centre-to-centre separation between the spheres. It
should be noted that egs. C8 and C9 both yield a
value of zero when Hc¢ = 0.74.
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