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Summary.  Polymerization-depolymerization of proteins within 
cells and subcellular organelles may have powerful osmotic ef- 
fects. As a model to study these we analyzed the predicted volume 
changes following hemoglobin (Hb) S polymerization in sickle 
cell anemia (SS) red cells with different initial volumes. The 
theoretical analysis predicted that dehydrated SS red cells may 
sustain large polymerization-induced volume shifts whose direc- 
lion would depend on whether or not small solutes were excluded 
from polymer-associated water. Experiments with SS cells from 
promptly fractionated venous blood showed oxygenation-in- 
duced swelling, maximal in the densest cells, in support of nonex- 
clusion models. The predicted extent of cell dehydration on poly- 
merization was strongly influenced by factors such as the dilution 
of residual soluble Hb and the increased osmotic contribution of 
Hb in cells dehydrated by salt loss, largely overlooked in the 
past. The osmotic effects of polymer formation may thus play an 
important part in microcirculatory infarction by dense SS cells, 
as they become even denser and stiffer during deoxygenation in 
the capillaries. 

Key Words protein polymerization . cell volume and osmol- 
ality regulation �9 polymer water - sickle cells �9 hemoglobin S 
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Introduction 

Cells and intracellular organelles enclose solutions 
which contain proteins, often in very high concentra- 
tions, which contribute significantly to the osmol- 
ality of these compartments. For hemoglobins of 
diverse origins, this contribution has been shown to 
increase with the second or third power of the pro- 
tein concentration [1-3, 11-13, I7-18, 21, 24, 28, 
36-38]. Changes in protein concentration within in- 
tracellular domains may arise from changes in cell 
or organelle volume or by polymerization-depolym- 
erization of major protein components. The resulting 
changes in osmolality and their possible effects may 
not have been fully appreciated. We therefore ana- 
lyzed in detail the osmotic effects accompanying 
reversible polymerization of Hb S in sickle cell ane- 

mia red cells (SS cells), for which much of the re- 
quired physico-chemical information is available [9, 
]3]. 

Polymerization of deoxygenated Hb S reduces 
the cell concentration of osmotically active parti- 
cles, and was therefore assumed to induce cell 
shrinkage [32]. The estimated volume shifts were 
considered "small but potentially detectable" [15]. 
Previous results in the literature, however, are con- 
fusing and conflictive; they variably report shrinkage 
[27], swelling [23] or no volume change [16] of SS 
cells on deoxygenation. Some possible sources of 
these discrepancies were discussed by Fabry and 
Nagel [ 15]; additional factors include the difficulties 
of measuring packed volumes or densities of rigid 
and deformed cells. Thus, the direction and extent of 
cell volume changes following Hb S polymerization 
and depolymerization remained an open issue. 

Since the generally accepted current estimate of 
the concentration of Hb within the polymer, Cp (69 
+ 6 g/dl), is considerably lower than that of Hb 
in its exclusion volume (34 g/0.25 dl ~ 136 g/dl), 
polymers of deoxy-Hb S must retain a substantial 
proportion of water within their lattice structure [9, 
13, 32, 40]. Experimental results suggest that this 
polymer-associated water is inaccessible to soluble 
Hb and presumably to other macromolecules [9, 13, 
30, 39, 40]. But the extent to which small solutes 
may be globally or selectively excluded from poly- 
mer water was unknown, and the information is nec- 
essary for the analysis of the osmotic effects of l ib S 
polymerization. As shown below, the issue becomes 
particularly important when considering dehydrated 
SS cells in which polymer water may comprise a 
large fraction of the cell water. The inclusion or 
displacement of small osmoticants in the polymer 
water compartment could thus have major effects 
on the cell volume changes which accompany poly- 
merization and depotymerization. 
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In  t h i s  p a p e r  w e  p e r f o r m  a t h e o r e t i c a l  a n a l y s i s  

o f  t h e  p o s s i b l e  o s m o t i c  e f f e c t s  o f  d e o x y - H b  S p o l y -  

m e r i z a t i o n .  T h e  a n a l y s i s  p r e d i c t s  t h a t  S S  ce l l s  w o u l d  

swe l l  o r  s h r i n k  o n  p o l y m e r i z a t i o n - d e p o l y m e r i z a t i o n  

d e p e n d i n g  o n  t h e  a c c e s s  s m a l l  s o l u t e s  h a v e  to  p o l y -  

m e r - a s s o c i a t e d  w a t e r .  T o  r e s o l v e  w h e t h e r  ce l l s  

swe l l  o r  s h r i n k  o n  d e p o l y m e r i z a t i o n  w e  m e a s u r e d  

o x y g e n a t i o n - i n d u c e d  d e n s i t y  c h a n g e s  o f  SS  ce l l s  

f r o m  f r e s h l y  d r a w n  v e n o u s  b l o o d .  

Materials and Methods 

The analysis of the osmotic effect of hemoglobin S polymerization 
centers on the change in SS cell volume when a fraction P of 
its Hb polymerizes and, therefore, ceases to contribute osmotic 
particles. We seek to derive expressions to predict the changes 
in cell volume, osmotic coefficient and ideal osmolality of residual 
unpolymerized Hb, and fraction of cell osmoticants within poly- 
mer water, as functions of polymer fraction and prepolymeriza- 
tion cell volumes. To predict differences in outcome which de- 
pend on the extent to which the cell's low molecular weight (MW) 
osmoticants equilibrate within polymer water, the expressions 
incorporate an inclusion factor as a variable to be tested (see h in 
Glossary). Before deriving the equations we present a glossary 
of symbols, and a list of definitions and assumptions listed as Dn 
(n = 1 to 7). The nomenclature follows and extends that used in 
previous models of cell volume and ion content regulation in 
epithelia [25], red cells [24] and reticulocytes [26]. 

GLOSSARY 

1,2: Subscripts indicating values of variables before and after Hb 
S polymerization, respectively. 

b, c: Virial coefficients of linear and quadratic terms, respec- 
tively, in empirical equation for the osmotic coefficient of Hb ( f ). 
Values used for b and c: 0.0645 and 0.0258, respectively [17]. 

f :  Osmotic coefficient of Hb (imosmol/mmol; see D1 below 
for definition of imosmole). 

h: Inclusion factor; defines full or partial exclusion (h = 0 
or 0 < h < 1, respectively) of all low MW cell osmoticants from 
polymer water, or full osmotic equilibration (h = 1) between 
cytosolic and polymer water. 

fx: Fraction of total low MW cell osmoticants that would be 
contained in polymer water at equilibrium if there is no exclusion 
(h = 1). 

Ce: Concentration of deoxy-Hb S within the polymer (g/ 
dl or raM), assumed constant for the purposes of this analysis. 
Currently accepted value: 69 g/dl, equivalent to 10.7 m g  Hb 
tetramer, MW 64,500 [39]. 

Cn: Concentration of Hb in its own molar volume, i.e., the 
inverse of the specific volume of t lb (g/dl or raM). Value used; 
136 g/dl, equivalent to 21.1 mM [10]. 

Clio: Ideal osmolality of extracellular and cytosolic fluids, 
assumed constant (imosmolal). Value used: 295 imosmolal. 

C,.: Concentration of soluble oxy and deoxy-Hb in the cyto- 
sol, excluding polymer volume (g/dl or raM). 

Csat: Concentration of soluble deoxy-Hb S at equilibrium 
with polymer (g/dl or mM). This represents the solubility of 
deoxy-Hb S (see Eaton & Hofrichter [13], and references therein). 
It varies with temperature but is assumed here to be independent 

of the total Hb concentration: value used for 37~ 17 g/dl. equiva- 
lent to 2.6 raM. 

QHb: Constant representing the average amount of Hb in one 
liter of normal-volume, fully packed red cells (g or mmol). QHb iS 
assumed to be independent of SS cell volume and to remain 
invariant during polymerization-induced volume changes in SS 
cells. Value used: 340 g (or g/loc), equivalent to 5.27 mmo[ (or 
mmol/loc). 

EQ: Total amount of low MW cell osmoticants (imosmol/ 
loc or imosmol/340 g Hb). Unlike QH> 5:Q varies with the original 
SS cell volume, but is assumed to remain constant during poly- 
merization-induced volume changes (see D2 below). 

V: Total volume of cell water (liter/loc or liter/340 g Hb). 
VT: Total cell volume (liter/Ioc or liter/340 g Hb). 
VH: Total volume occupied by Hb molecules within the cell 

(liter/loc or liter/340 g Hbt. V H was shown to remain constant 
during polymerization [22]. Value used: 0.25 liter/loc or 0.25 liter/ 
340 g Hb. 

VP: Total volume of polymer (liter/Ioc or liter/340 g Hb). 
VPn: Volume occupied by polymerized Hb (liter/loc or liter/ 

340 g Hb). 
V~: Volume occupied by polymer-associated water (liter/ 

loc or liter/340 g Hb). 
P: Fraction of polymerized Hb (0 -< P <- 1). 
Pma• Maximal fraction of polymerized Hb which can be 

formed within a fully deoxygenated SS cell. The limitation Pmax 
< 1 arises because the concentration of unpolymerized Hb in the 
cytosol cannot fall below the solubility of deoxy-Hb S (C~t). 

MCHC or MC: Mean cell Hb concentration (g/dl): the abbre- 
viated form MC is used as column heading in Table 1. See also 
D7. 

6: Cell density (g/liter). 
2xV/V: Polymerization-induced change in cell volume rela- 

tive to the initial total volume of the cell (-+%). 
O: Ideal osmolality of Hb (imosmotal). 

DEFINITIONS AND MAIN ASSUMPTIONS 

DI. The molal concentration of a solute multiplied by its osmotic 
activity coefficient is described as its "ideal osmolality" or -ios- 
molality." By definition then, this concentration will obey ~r = 
qRT [iosmolality], where R and T are the gas constant and abso- 
lute temperature, respectively, ~r is the partial osmotic pressure 
exerted by the soIute, and q is a units-conversion factor. For Hb, 
for instance, the iosmolality is given b y f .  QHb/V; for the low MW 
cell osmoticants, EQ, by s  both in units of "imosmolal." 
Osmotic equilibria can then be expressed as equalities between 
iosmolal concentrations. 

D2. The main low MW solutes (2,Q) in physiological condi- 
tions are K*, CI-, HCOj-, Na +, Mg ~-+, 2,3-DPG, nucleotides and 
glycolytic metabolites. We consider here whether EQ may be 
assumed to be constant during polymerization-depolymerization. 
The amounts and osmotic activity coefficients o fs  components 
may vary due to concentration changes, to binding-dissociation 
during oxy-deoxy Hb transitions, to metabolism, or to transport. 
Concentration-dependent changes in the osmotic activity coeffi- 
cients of 2:Q components within the range of the cell volume shifts 
considered here are orders of magnitude below those of the cell 
proteins, largely Hb. Binding-dissociation shuttles 2,3-DPG and 
ATP between Mg 2+ and deoxy-Hb with relatively minor changes 
in overall particle balance. Hours, rather than minutes or seconds 
are required to expose any globai ion content or metabolic 
changes in SS discocytes and denser cell fractions treated with 



V.L. Lew and R,M. Bookchin: Osmotic Effects of Protein PoLymerization 57 

continuous or alternating full deoxygenation pulses in plasma or 
plasma-like media [5-7, 41-42]. We may therefore assume that 
over the seconds-minutes time scale of the polymerization- depol- 
ymerization-induced volume shifts analyzed here, the changes in 
the global osmotic activity of the low MW cell solutes, repre- 
sented by EQ, are minor and can be neglected. 

D3. Dehydrated SS cells have a reduced salt content. By 
whatever mechanism, oxygenated SS cells with a wide distribu- 
tion of increased density must have sustained a net salt loss. 
Thus, although ~Q may be assumed to remain constant during 
polymerization (D2), it must vary in SS cells in proportion to their 
prepolymerization volumes (V 0. 

D4. When a cell contains polymer, its cytoplasm is assumed 
to be composed of two distinct phases, cytosol and polymer, 
whose volumes add up to the total cell volume. Whatever the 
extent of osmotic equilibration between polymer and cytosol, 
represented by the value of h, water transport is assumed to 
be sufficiently fast to secure unmeasurably rapid equilibration 
between all intracellular and extracellular compartments, Poly- 
merization-depolymerization-induced celt volume shifts may thus 
be derived from equations which assume instant osmotic equi- 
libria. 

D5. Soluble Hb is excluded from polymer water [9, 30, 35, 
36, 39,401. 

D6. Within the experimental errors of most mean cell density 
measurements, the densities of water and of protein-free salt 
solutions in the isotonic range may be assumed to be indistinguish- 
able from I kg/liter; therefore, 1 liter of solution ~ 1 kg of solvent. 
To accommodate 340 g of Hb in 0.25 liter [I0], the mean density 
of normal red cells was set at 1090 g/loc. The volume of cetl water 
per liter normal cells (loc) is therefore (I.090-0.340) = 0.750 
liter/loc, neglecting contributions to volume and weight from 
membrane, cytoskeleton and salts. 

D7. MCHC is used to represent both the mean cell Hb 
concentration of a real density fraction of red cells and the Hb 
concentration in a single model red cell as used in the theoretical 
analysis. In the latter case, "mean" has no real meaning, but the 
term MCHC is retained to emphasize the relation between theory 
and experimental test or application. 

Before polymerization, the total cell volume, V r, consists of 
one soluble phase in which the Hb molecules occupy about 0.25 
liter per liter of normal volume cells. After polymerization of a 
fraction P of the Hb. the total cell volume (VT) becomes parti- 
tioned in two phases, polymer and cytosol, which include four 
distinct compartments: the volumes occupied by Hb (V~) and 
water or protein-free solution (V~) within the polymer, and those 
occupied by residual soluble Hb and solution in the cytosolic 
phase. The volume occupied by polymer can be estimated from 

V p PQHb = - (4) 
C~ 

where Cp ~ 69 g/dl (69 -+ 6 g/dl [13.35, 39]), equivalent to about 
11 raM, is the reported concentration of Hb within the polymer, 
as measured in solubility experiments by infrared spectroscopy 
on the turbid pellets [39]. V ~' comprises the volume of Hb in the 
polymer, V P, and the volume of water (or solution) within the 
polymer, V ~,. 

Since the total volume of a solution of Hb S was shown to 
be unchanged by polymerization [22], the total volume occupied 
by soluble and polymerized Hb, V H, must remain constant at 
about 0.25 liter/340 g Hb. V~ can therefore be calculated from 

V p _ PQm, 
CH (5) 

where C H, the inverse of the specific volume of Hb, represents 
the concentration of Hb in its own exclusion volume. V~. can be 
estimated from 

v~ = v p -  v ~  (6) 

and is given by 

(1 l) 
V~ = PQHb ~ -  ~ �9 (7) 

DERIVATION OF THE EQUATIONS 

Before polymerization, the volume of cell water. (V I, in liter/loc 
or in liter/340 g Hb), is given by (DI-D4) 

I;Q + fiQHb 
VI - (1) 

Ciso 

wfieref~, the osmotic coefficient of hemoglobin in units of iosmol/ 
tool, is described by the empirical equation [17, 24] 

.~ = I + b + C . (2) 

Soluble Hb is presumably excluded from polymer water 
(D5), but the extent to which low MW solutes (EQ) are excluded 
from it is unknown. To analyze predictions for any degree of 
exclusion of EQ components from V~, the simplest strategy is 
first to compute the maximal fraction of 5"Q that could be con- 
tained within V P, f> for each value of P, at osmotic equilibrium. 
We can then multiply (f~_ - EQ) by an inclusion factor k, between 
0 (total exclusion of EQ from V~) and 1 (total equilibration). The 
condition of osmotic equilibrium (D4) between cytosolic and poly- 
mer water compartments is described by 

k s  
V~ - G~o. (8) 

From Eqs. (7) and (8) we compute.6 

ZQ and Clio are assumed invariant during polymerization 
(D2); cells with different initial V~ will have different EQ (D3), 
whereas Ci~ o is constant throughout. From Eq. (I) we compute 
s for each VI 

EQ = ViCi~o flQl-lb. (3) 

PQHbCiso ( 1 
(9) 

With f~, we can now formulate osmotic equilibrium (D4) 
between the cytosol ( V 2) and extracellular medium for the general 
case using the inculsion factor k 
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(1 - kf,~)gQ + f2(l - P)QHb 
= Ci~,, (10) 

where ~ is 

Defining 

(11) 

(1 - P)QHb 
w (12) 

V~ 

Eqs. (10)-(12) combine to give 

With the analysis of the osmotic effects of deoxy-Hb S 
polymerization described by Eqs. (I)-(16). the changes in cell 
volume wad related variables can be predicted for any arbitrary 
values of the polymer fraction P, the initial MCHC and the inclu- 
sion factor, 17. But not all these values would be meaningful. The 
fraction of polymerized Hb increases gradually with deoxygen- 
ation [29, 31], but there is a limit to the maximal fraction of 
polymer that can be formed within any fully deoxygenated cell 
(Pm~x): this limit is determined by the condition that the concentra- 
tion of unpolymerized Hb at equilibrium with polymer should not 
fall below the solubility of deoxy-Hb S (C,~,t). All the results 
reported are therefore defined for values of P up to Pm~ only, by 
imposing the condition that the concentration of residual soluble 
Hb in the cytosol (C,) should not fall below C~t (C~= a ~ 16 g/dl at 
37~ [13, 33]). 

Ci~o (1 - hf,c)EQ w(l + b w + c w  2)= 0. (13) 
" W ~  

For any given P and h, we can now compute V z, the only 
remaining unknown in Eq. (13). With V> we can calculate the 
total cell volume after polymerization, V~, from 

v ?=  Vn+ V~+ V> 

To analyze predictions derived from this analysis and design 
experimental tests, we need to output results to tables and graphs 
containing, besides the variables defined so far, easily measurable 
quantities such as mean corpuscular hemoglobin concentration 
(MCHC, D6, D7) and cell density (a, D6). 3 and MCHC are linked 
to cell water volume (V) by 

0.340 + V 
0.25 + V 

34 
MCHC 

0.25 + V" 

APPLICATION OF THE EQUATIONS 

MEASUREMENT OF THE OXYGENATION-INDUCED 

CHANGES IN THE DENSITY PROFILE OF mS CELLS 

FROM FRESHLY DRAWN VENOUS BLOOD 

As briefly discussed in the Introduction. the available experimen- 
tal evidence on the direction of the polymerization-induced vol- 
ume changes of SS cells is inconclusive. Our analysis (see  Results) 

(14)  predicts cell swelling or shrinking depending on whether or not 
low molecular weight cell solutes are excluded from polymer- 
associated water. Since there is no knowledge yet of the exclusion 
state of low MW solutes, opposite volume changes remain theo- 
retically possible. It was therefore crucial to resolve the issue 
experimentally so as to circumscribe the theoretical analysis to 
conditions that would apply to circulating SS cells. A new experi- 
mental approach was clearly required, and the following experi- 
ments were designed to provide a qualitative answer. 

Samples of SS venous blood were taken directly into partly 
(15)  evacuated tubes containing EGTA (final concentration 4 raM), 

and the red cell density distribution was measured immediately 
(16) by layering aliquots on each of three Stractan solutions with 

densities I. 125, 1.118 and 1. 106 in Eppendorf tubes, centrifuging 
for 5 rain at 12000 x g, and measuring the fraction of Hb in the 
pellet. Part of the original blood sample was equilibrated at 37~ 
for 25 min with 5.6% CO2 in oxygen, and the density distribution 
of the cells was determined again. 

The total cell volume before polymerization (V f, in liter/loc) is 
thus given by V( = 0.25 + VI; after polymerization, V{ = 0.25 
+ V ~ +  V_,. 

By systematically varying initial cell volumes (V I or Vir), 
and the fraction of polymerized Hb (P) in the above set of equa- 
tions, we can construct tables of cell volumes and related vari- 
ables (V,  V r, MCHC, 8), soluble Hb concentration in cytosol 
(C,), osmotic coefficients of Hb ( f ) ,  and Hb isomolality ( f .  (1 - 
P) �9 QHb/V), before polymerization (P = 0, subindex 1) and after 
(P > 0, subindex 2), for any value between 0 and 1 of the inclusion 
factor h. This method was used to produce the data sets selected 
for Table I and for the figures. 

To analyze the relatively slow, secondary shifts in cell pH, 
volume and ion contents following abrupt polymerization, the 
effects of Hb polymerization were also simulated using the inte- 
grated red cell model of Lew and Bookchin [24] with maximal 
sickling-induced permeabilization [8]. The results showed that, 
within the hour following sudden polymerization-depolymeriza- 
tion, the magnitude of the secondary shifts were negligible com- 
pared with polymerization-induced changes. Use of a comprehen- 
sive model was thus deemed unnecessary for the present analysis, 
and the assumption in D2 was considered justified. 

Results and Analysis 

PREDICTED EFFECTS OF INTRACELLULAR HB S 
POLYMERIZATION ON CELL VOLUME 

Table 1 and Fig. 1 show the predicted effects of 
an increasing fraction of polymerized Hb S on the 
osmotic parameters of SS cells, when non-Hb sol- 
utes are either fully equilibrated with polymer water 
(h = 1), or excluded from it partially (h = 0.6 in 
Table I, or 0.5 in Fig. i) or totally (h = 0). Analysis 
of the effects on cell volume indicates that if there 
were full exclusion of all non-Hb solutes from the 
polymer water compartment ,  Hb polymerization 
should cause cell swelling, whereas with full equili- 
bration of low MW cell solutes the cells would shrink 
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Hg. 1. Predicted changes in SS cell volume induced by Hb poly- 
merization, as a function of polymer fraction. Three models are 
shown, representing different extents of exclusion of low molecu- 
lar weight osmoticants from polymer water: 11 = 1 (continuous 
lines), full inclusion: t l  = 0 (dotted lines), full exclusion: and 1l = 

0.5 (dashed lines), partial (50%) exclusion, Within each five-curve 
set, the curves from top to bottom represent predicted volume 
changes for cells with initial MCHCs of 34, 40, 45, 49 and 52 
g/dl 

on polymerization at all initial cell Hb concentra- 
tions. With partial solute exclusion, it depends on 
the initial MCHC whether polymerization results in 
cell shrinkage or swelling. The lesser the exclusion, 
the lower the initial MCHC at which polymerization 
leads to cell shrinkage rather than swelling. 

The different lengths of the curves in Fig. 1 and 
the decreasing range of cell volumes scanned in Ta- 
ble 1 at the higher polymer fractions, both result 
from the requirement (included in the computations) 
that at equilibrium, the residual Hb concentration in 
the cytosol must equal (in fully deoxygenated cells) 
or exceed (in partially deoxygenated cells) the solu- 
bility of deoxy-Hb S (C., >- Csat). The resulting maxi- 
mal polymer fraction represents Pmax for each initial 
MCHC. The general trend is for Pmax to increase 
with initial MCHC at all values of h, since in dehy- 
drated cells, a smaller fraction of total cell Hb is 
required to have a soluble [Hb] equal to Csa t. Such 
an increase in Pma• with cell MCHC was previously 
observed [29, 31]. The exception seen here, a lim- 
iting Pmax in the bottom curve of Fig. 1, will be 
analyzed with the results in Fig. 3 below. 

EFFECTS OF OXYGENATION OF THE DENSITY 

DISTRIBUTION OF SS  RED CELLS FROM FRESHLY 

DRAWN VENOUS BLOOD 

Analysis of the predictions in Table I and Fig. 1 
indicate that the direction of SS cell volume changes 
upon polymerization and depolymerization could 
help define the real distribution of low molecular 
weight solutes in polymer water. Our new approach 
to assess those volume shifts was based on our pre- 
dictions that at venous oxygen tensions, the rela- 
tively denser SS cells may contain sufficient polymer 
to show detectable swelling or shrinkage after oxy- 
genation. Since rapid measurements of the cells' 
density before and after oxygenation of fresh venous 
blood involve fewer and less complex experimental 
manipulations than those used in previous investiga- 
tions of polymerization-induced volume shifts [15, 
16, 23, 27], the results should provide more reliable 
clues about the distribution of low MW solutes in 
polymer water. 

The results of six such experiments are shown 
in Table 2. Despite large differences in the original 
density distribution of SS red cells from different 
donors, oxygenation of the fresh venous blood re- 
sulted in hydration of cells within each of the rela- 
tively high density fractions explored. Within that 
range, the denser the original fraction, the larger the 
proportion of cells shifting to lower density. Thus 
the denser fractions of SS cells are relatively dehy- 
drated at venous oxygen tensions and become rap- 
idly hydrated upon full oxygenation, Since only 
swelling was detected, over the entire density range 
investigated, the results suggest that the low MW 
ions and solutes that comprise most of the cell's 
osmoticants are not globally excluded from polymer 
water. Further analysis of the theoretical predictions 
will therefore be conducted using only the nonexclu- 
sion model (h = 1), although the present results do 
not rule out partial or selective exclusion of EQ 
components from polymer water or global exclusion 
of low MW osmoticants from polymers other than 
those of Hb S. 

PREDICTED EFFECTS OF HB S POLYMERIZATION 
ON THE OSMOTIC PARAMETERS OF S S  CELLS 

(MODEL WITH NO EXCLUSION OF L O W  M W  

SOLUTES FROM POLYMER WATER;  h = 1) 

Table I and Fig. 2 report predicted changes in a 
variety of osmotic parameters of SS cells as a func- 
tion of polymer fraction. It can be seen that cell 
shrinkage increases with polymer fraction and initial 
MCHC, and that the higher the initial MCHC, the 
steeper the slope of the volume decrease with poly- 
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Table 1. Osmotic parameters of SS cells as a function of the fraction of polymerized deoxy-hemoglobin S (P). the inclusion factor Ih) 
and the total initial cell volume (V() 

V ~ V{ Vt V, ~Q -~ V~ V MC~ MC~ C, .tl .[: Oj O, h �9 ./">_ 
h = 1 

P = 0.20: V~ = 49 ml/toc 
650 625 400 326 85 - 3.89 52.3 54.4 51.7 6.33 6.14 83.4 79.4 O. 169 
750 728 500 429 124 - 2.97 45.3 46.7 43.2 4.55 4.12 47.9 40.5 0. 116 
850 831 600 533 158 -2 .22  40.0 40.9 37.1 3.56 3.13 31.2 24.8 1t.090 
950 934 700 635 191 - 1,69 35.8 36.4 32,6 2.95 2.56 22,2 17,0 0,075 

"~ ~ 2.21 1050 1036 800 738 223 - 1.32 32.4 32.8 29.0 ~._4 16.8 t2.6 0.064 
1150 1138 900 839 254 - 1.06 29.6 29.9 26.2 2.26 1.98 13.2 9.9 0,056 

P = 0.40; Vf = 97 mol/loc 
650 600 400 253 85 -7 .75  52.3 56.7 50.7 6.33 5.85 83.4 73.2 11.338 
750 707 500 360 124 -5 .74  45.3 48.1 40.0 4.55 3.56 47.9 31.3 0.232 
850 815 600 467 158 -4 .18  40,0 41.7 33./) 3.56 2.62 31.2 17.7 0.181 
950 920 700 573 191 - 3.13 35.8 36.9 28,2 2.95 2.14 22.2 I 1.8 0.150 

1050 1025 800 677 223 -2 .43  32.4 33.2 24.7 2.54 1.86 16.8 8.7 0,129 
1150 1128 900 781 254 - 1.94 29.6 30.2 21.9 2.26 1.68 13.2 6.8 0. 113 

P = 0,60; V~ = 146 ml/loc 
650 575 400 179 85 - 11.54 52.3 59. I 48.7 6.33 5.32 83.4 62.5 0.507 
750 689 500 293 124 - 8.16 45.3 49.4 34.6 4.55 2.80 47.9 20.1 0.348 
850 801 600 405 158 -5 .77  40.0 42.4 26.9 3.56 2.03 31.2 10.6 0.27[ 
950 909 700 514 191 -4 .27  35.8 37.4 22.2 2.95 1.70 22.2 7.0 0.225 

1050 1015 800 620 223 -3 ,30  32.4 33.5 18.9 2.54 1,52 16.8 5.2 0.193 

P = 0.80; V~ = 194 ml/loc 
750 675 500 231 124 -9 .96  45.3 50.3 24.2 4.55 1.83 47.9 8.3 0.463 
850 792 600 347 158 - 6.87 40.0 43,0 17.1 3.56 1.43 31.2 4.3 0.362 

V~ V{ Vj V2 s  b V / V  MCI MC2 C, .f~ .~ O, O~ h -.f~_ 

h = 0.60 

P = 0.20; V~ = 49 ml/loc 
650 639 400 340 85 - 1.74 52.3 53.2 50.4 6,33 5.76 83.4 71.4 O. lOl 
750 744 500 446 124 - 0.77 45.3 45.7 42.1 4.55 3.92 47.9 37.1 0.070 
850 849 600 550 158 -0 .13  40.0 40.1 36.3 3.56 3.01 31.2 23.0 0.054 
950 952 700 654 191 +0.24 35.8 35.7 31.9 2.95 2,49 22.2 16,0 0,045 

1050 1055 800 756 223 +0.46 32.4 32.2 28.4 2.54 2.16 16.8 12.0 0.039 
1150 1157 900 858 254 +0.58 29,6 29.4 25.7 2.26 1.94 13.2 9.5 0.034 

P = 0.40; V~. = 97 ml/loc 
650 629 400 282 85 3.23 52.3 54.1 47,2 6.33 4.97 83.4 55.7 0.203 
750 742 500 395 124 - 1.12 45.3 45.8 37.5 4.55 3.17 47.9 25.4 0.139 
850 851 600 504 158 +0.14 40.0 39.9 31.2 3.56 2.42 31.2 15,2 0.109 
950 958 700 611 191 +0.83 35,8 35.5 26.8 2.95 2.03 22.2 10.5 0.090 

1050 1063 800 715 223 + 1.19 32.4 32.0 23,6 2.54 1.79 16.8 7.9 0.077 
1150 1166 900 819 254 + 1.38 29.6 29.2 21,1 2,26 1.63 13.2 6.3 0.068 

P = 0.60; V~ = 146 ml/loc 
650 623 400 227 85 -4 .23  52.3 54.6 41,6 6.33 3.83 83.4 35.5 0,304 
750 744 500 348 124 -0 .84  45.3 45.7 30.3 4.55 2.34 47.9 14.1 0.209 
850 858 600 462 158 +0.91 40.0 39.6 24.2 3.56 1.83 31.2 8.4 0.163 
950 967 700 57l 191 +1.78 35.8 35.2 20.3 2.95 1.59 22.2 5.9 0.135 

1050 1073 800 678 223 +2.20 32.4 31.7 17.5 2.54 1.45 16.8 4.5 0.116 

P = 0.80; V~ = 194 ml/loc 
650 623 400 179 85 -4 .19  52.3 54.6 29.7 6.33 2.28 83.4 13.4 0.406 
750 752 500 308 124 +0.25 45.3 45.2 19.0 4.55 1.52 47.9 5.2 0.278 
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Table 1 c o n t i n u e d  

61 

V[ V f V E V, ~2Q & V / V  MC~ MC, C, .fl ./i O~ 
h = 0 

O, h . f x  

P = /).20: V~ = 49 ml/loc 

65(I 66[ 400 362 85 + 1.62 52.3 51.5 48.4 6.33 5.25 83.4 61.2 0 
750 769 500 471 124 +2.59 45.3 44.2 40.5 4.55 3.65 47.9 32.6 0 
850 876 600 577 158 +3.02 40.0 38.8 35.0 3.56 2.85 31.2 20.8 0 
950 980 700 681 191 +3.15 35.8 34.7 30.9 2.95 2,39 22.2 14.8 0 

1050 1083 800 784 223 +3.14 32.4 31.4 27.6 2.54 2.09 16.8 11.2 0 
1150 1185 900 887 254 +3.05 29.6 28.7 25.0 2.26 1,89 13.2 9.0 0 
P = 0.4{): V~ 97 ml/Ioc 

650 677 400 330 85 +4.12 52.3 50.2 42.5 6.33 3.99 83.4 38.3 0 
750 795 500 448 124 +6.03 45.3 42.8 34. t 4.55 2.74 47.9 19.3 0 
85(1 907 600 560 158 +6.70 40.0 37.5 28.7 3.56 2.19 31.2 12.4 0 
950 1015 700 668 191 +6.80 35.8 33.5 25.0 2.95 1.88 22.2 8.9 0 

1050 [ [20 800 773 223 +6.65 32.4 30.4 22.1 2.54 1.70 16.8 6.9 0 
1~50 1223 900 876 254 +6.39 29.6 27.8 19.9 2.26 l_57 13.2 5.7 0 
P = 0.60: V~ = 146 ml/Ioc 

650 702 400 306 85 +7.94 52.3 48.5 33.5 6.33 2.67 83.4 18.4 0 
750 828 500 433 124 + 10.42 45.3 41.1 25.5 4.55 1.93 47.9 9.4 0 
850 944 600 548 158 + 11.02 40.0 36.0 21.0 3.56 1.63 31.2 6.3 0 
950 1053 700 658 191 + 10.89 35.8 32.3 I7.9 2.95 1.47 22.2 4.7 0 

P = 0.80: V~ 194 m[/loc 

650 737 400 293 85 + 13.33 52.3 46.2 19.9 6.33 1.57 83.4 5.6 0 

The Table was constructed for a small, selected range of/7. P and V r values (see Materials and Methods).  to illustrate its use. Cp was 
set at 69 g/dl and C~, at 17 g/dl. The computa t ions  satisfied C~ ~> C,~. This determined the decreasing range of Vj r values obtained at 
the higher polymer  fractions. The meaning and units of  the column headings are as follows (see Glossary  for extended definitions): 
subindexes  I and 2 indicate values before and after polymerization: V~ is the volume of polymer-associated water,  in ml/340 g Hb: V r 

and V are total cell volume and volume of cytosolic cell water {polymer water  excluded),  respectively,  in ml/340 g Hb: EQ is the total 
amount  of  small cell osmoticants ,  in imosmol/340 g Hb: ~ V / V  is the percent  change in total cell volume induced by polymerization:  
MC represents  MCHC,  in g/dl; C, is the concentrat ion of  residual soluble Hb in the cytosol,  in g /d l : , f i s  the osmotic  coefficient of  
soluble Hb in the cylosol,  in iosmol/mol:  O represents  the iosmolality of  soluble Hb in the cytosol,  in imosmo]at:  and h .,/;_ is the 
fraction of  small cell solutes contained within polymer water. 

mer fraction (Fig. 2, panel 4). Thus the more dehy- 
drated the SS cells are before polymerization, the 
more they will dehydrate proportionately on poly- 
merization: in the densest cells, the volume reduc- 
tion may exceed 10%. 

The additional osmotic effects predicted as a 
function of polymer fraction include: (i) decrease in 
cytosolic water and increase in polymer water (Fig. 
2, panel 3); the cross-over points indicate the poly- 
mer fraction at which cells with different initial 
MCHCs will contain comparable volumes of water 
in cytosol and polymer, (it) decreases in soluble Hb 
concentration in the cytosol (Fig. 2, panel 1), os- 
motic coefficient of Hb (Table 1), and in iosmolality 
of Hb (Fig. 2, panel 2), and (iii) the increase in the 
fraction of total low MW cell osmoticants within 
polymer water (Fig. 2, panel 5). 

Though these effects are qualitatively similar in 
cells with different prepolymerization volumes, the 
shape of the curves and the slopes vary considerably 
with initial MCHC (except those for cytosolic and 
polymer water in Fig. 2, panel 3). In general, most 

changes are steeper in dehydrated cells (higher 
MCHC) when polymer fractions are above 40%. 

A detailed analysis of some specific examples 
from Table 1 (h = 1) may help describe the osmotic 
effects of polymerization in cells with different initial 
MCHCs, and point out the components which affect 
the overall osmotic response. 

In cells with an initial "MCHC"  ([Hb]) of =36 
g/dl, 60% polymerization reduces the osmotic contri- 
bution of lib from about -~22 to ~7 imosmolal, with a 
~4% reduction in cell volume (Table I and Figs. 1-3), 
whereas with an initial MCHC of 45 g/dl, the reduc- 
tion in soluble Hb iosmolality is from ~48 to about 20 
imosmolal, with over 8% decrease in cell volume. At 
any given intermediate oxygen saturation at which 
polymerization occurs, however, the differences in 
volume shifts between cells with such different initial 
MCHCs will be more dramatic, since more polymer 
would form within the higher MCHC cells. Compari- 
sons at a given (low) pO~ would further exaggerate 
these differences, since the more dehydrated SS cells 
exhibit a lower oxygen affinity. 
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Table 2. Effect of oxygenation on the densi ty distribution of sickle cell anemia red cells from freshly 

drawn venous blood 

Donor 3 Fresh venous After % Change 

blood oxygenation 

% Cells with density > 6 

1.106 23.3 -+ 0.1 18.0 • 0.5 - 2 3  

1.118 7.8 • 0.4 5.2 -+ 0.2 - 3 3  

1.125 5.9 • 0.1 3.8 + 0. I - 3 6  

1.106 50.8 • 0.3 48.8 - 0.1 - 4  
1.118 34.6 • 0.3 30.2 • 0.2 - 1 3  
1.125 23.9 • 0.1 18.5 + 0.2 - 2 3  

1.106 25.7 -+ 0.3 21.7 • 0.4 - 1 6  

1.118 14.5 • 0.2 11.8 • 0.1 19 

1.125 10.0 • 0.0 6.7 • 0.1 - 3 3  

1.106 16.3 • 0.2 13.3 • 0.0 - 18 

1.118 9.2 • 0.1 7.7 :k 0.0 - 1 6  

1.125 6.7 • 0.1 5.4 -• 0.1 - 1 9  

1.106 38.2 -+ 0.3 33.3 • - 1 3  

1.118 t9.9 • 0.2 17.1 - 0.1 - 1 4  

1.125 19.3 + 0.3 16.2 • 0.1 - 16 

1.106 38.0 -+ 0.0 30.9 + 0.1 - 1 9  
l . l l 8  24.8 + 0.1 18.8 • 0.1 - 2 4  

1.125 24.9 +- 0.3 18.6 -_- 0.1 - 2 5  

The percent cells with densi ty > ~ was measured in triplicate and the results are reported as the mean 

• SEM. 

To examine the basis of the fall in Hb iosmolality 
due to polymer formation, let us consider further the 
example of the cell with an initial MCHC of 45 
g/dl. The analysis predicts (Table 1) that with 60% 
polymerization, total Hb iosmolality falls from 48 to 
20 imosmolal. The two components in this fall are 
the soluble Hb concentration in the cytosol (from 
MC 1 to C,), which changes from --~45 to ~35 g/dl, 
and the osmotic coefficient of Hb (f),  which drops 
from 4.6 to 2.8 iosmol/mol. This means that the 
reduction in Hb osmolality on polymerization results 
from the sum of two components: direct removal of 
osmotic particles by polymer formation and dilution 
of residual soluble Hb, equivalent to a reduction in 
osmotic coefficient. Direct support for dilution of 
residual soluble Hb upon polymerization was pro- 
vided by earlier results of Eisinger, Flores and Book- 
chin [14] who showed that quenching of fluorescent 
probes embedded in the lipid bilayer by adjacent 
cytosolic Hb is reduced after deoxygenation of SS 
red cells. 

Comparison of iosmolalities of Hb (O 0 and of 
non-Hb solutes (EQ) throughout Table l shows that 
the osmotic contribution of low MW cell osmot- 
icants falls from ~254 to ~85 imosmol/340 g Hb, 

whereas that of lib increases from ~ 13 to ~83 imos- 
molal as the MCHC increases from ~30, its value in 
reticulocyte-rich density fractions, to ~52 g/dl, the 
value which corresponds to the densest (irreversibly 
sickled) cell fraction. Thus, in cells dehydrated by 
salt loss, as with SS cells (D3), Hb becomes a major 
osmoticant, and therefore, the polymerization-in- 
duced volume shifts, all linked to changes in Hb 
iosmolality, will generally be larger in dehydrated 
than in normal volume SS cells. The computations 
reported in Table I and Fig. 2 were based on the 
assumption that C e is 69 g/dl. It will be seen below 
that exceptions to the above patterns occur with 
different Ce values. 

R O L E  OF P O L Y M E R  H Y D R A T I O N  ON THE O S M O T I C  

E F F E C T S  OF P O L Y M E R I Z A T I O N  

Our preliminary measurements of C e using a new 
method [4] gave a value of 59.1 _+ 0.9 g/dl, nearly 
20% below the previous estimates of =69 g/dl. Those 
results prompted us to assess the role of polymer- 
associated water in the cell volume changes accom- 
panying Hb polymerization by comparing predic- 
tions from models with different values of C e. 
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4 Fig. 2. Predicted changes in osmotic parameters 
of SS cells as a function of polymer fraction. 
Model with no exclusion of low MW osmoticants 
from polymer water (h = I). Panels numbered 
from teft to right and from top to bottom. Five 
curves within each panel represent the behavior 
of cells with the indicated initial MCHCs. Panel 
/ : concentration of unpolymerized oxy- and 
deoxy-Hb S in cytosol. Panel 2: iosmolality of 
unpolymerized Hb in cytosol, Panel 3: volume of 
cytosolic and polymer-associated water: polymer 
water is determined by C e (10.7 raM. or 69 g/dl. 
in this figure) and is independent of cell volume 
or MCHC. Panel 4: percent change in total cell 
volume. The curves in this panel are the same as 
those represented by solid lines (h = 1) in Fig. 1. 
Panel 5: fraction of low MW cell osmoticants 
within polymer-associated water, assuming 
osmotic equilibrium between cytosolic and 
polymer solutions: only low MW cell osmoticants 
make up iosmolality of polymer solution, 
whereas soluble Hb (oxy and deoxy), excluded 
from polymer water, contributes only to the 
iosmolality of the cytosol 

We first compared predictions from a model 
with Cp = 69 g/dl (Table 1 and Fig. 2), with those 
from an unrealistic model (not shown) in which poly- 
mer water is ignored (equivalent to assuming that 
Ce ~ CH, 136 g/dl, i.e., that the polymer is fully 
dehydrated). Both models predicted polymeriza- 
tion-induced shrinkage at all initial cell volumes, but 
the shrinkage was larger when Cp ~ C H. Since both 
models now assume full osmotic equilibration of low 
MW solutes within the cell's water compartments, 
the basic difference between these two models is 
the inclusion in one of a polymer-associated water 
compartment which excludes only macromolecules 
(mainly soluble Hb). Thus, the lesser shrinkage pre- 
dicted by the model with polymer-associated water 
must result from effects of exclusion of soluble Hb 
from that polymer water compartment. The higher 
the MCHC, the more substantial the difference be- 
tween the two models, reflecting the fact that poly- 
mer-associated water comprises a larger fraction of 

the total cell water in the more dehydrated, deoxyge- 
nated SS cells. 

We next compared the osmotic effects predicted 
by models with C e values of 69 g/dl (Fig. 2, =48% 
water in polymer) and 56 g/dl (~59% water in poly- 
mer), one of the lower experimental values in our 
studies [4] (Fig. 3). Compared with the model in 
which Cp = 69 g/dl (Fig. 2), the model in which Cp 
= 56 g/dl (Fig. 3) shows: (i) a cross-over point for 
polymer and cytosolic water (panel 3) at lower poly- 
mer fractions, reflecting the larger relative volume 
of polymer water at the lower value of Cp; (ii) at 
initial MCHCs above ~49 g/dl, residual soluble Hb 
becomes concentrated rather than diluted after poly- 
merization (panel 1); it may become even more con- 
centrated than in the polymer (Cp); in the most dehy- 
drated cells, its iosmolality may also rise sharply as 
the polymer fraction increases (panel 2); (iii) at high 
polymer fractions, the proportion of the cells' low 
MW osmoticants in the polymer water compartment 
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Fig, 3. Predicted changes  in osmotic  parameters  
of  SS cells as a function of polymer  fraction, 
a ssuming  higher polymer hydration than in Fig, 2 
(C e = 8.7 mM, or 56 g/dl). Except  for Cp, panel 
descript ions are as for Fig. 2 

may reach 80% or more (panel 5); and (iv) polymer- 
ization-induced cell dehydration tends to reach a 
maximum at MCHCs of about 49 g/dl (panel 4). This 
analysis indicates that, if Ce -~ 56 g/dl, then in cells 
with a high initial MCHC the Hb excluded from the 
polymer-associated water is squeezed into residual 
cytosol at a higher concentration, and with a higher 
osmotic coefficient, than before polymerization. The 
low MW solutes, on the other hand, become more 
concentrated in polymer water than in the cytosol, 
balancing the osmotic effect of polymer-excluded 
Hb. Despite the opposite changes in Hb iosmolality, 
models with high or low C e values predict overall 
cell shrinkage at all MCHCs. These results suggest 
a critical experiment to test whether polymer hydra- 
tion corresponds to Ce values nearer to 56 than to 
69 g/dl. If Ce ~ 56 g/dl, then with SS cells dehydrated 
by salt loss to MCHCs > 50 g/dl, full deoxygenation 
should increase the quenching by cytosolic Hb of 

fluorescent probes embedded in the bilayer, re- 
versing the trend observed at lower MCHCs [14]. 

The curves reporting osmotic parameter 
changes for cells with initial MCHC of 52 in Fig. 
2 (Ce = 69 g/dl) and with initial MCHCs of 49 
and 52 in Fig. 3 (Cp = 56.1 g/dl), are defined up 
to polymer fractions lower than those of cells with 
initial MCHCs of 45 g/dl or less. In these condi- 
tions C.~ stays well above C~at; the effect is thus 
unrelated to limitations on Pmax due to C~at. The 
reason for the apparent reduced Pmax at the high 
MCHCs is the lack of a real solution for V~ in 
Eq. (13). This simply means that one or more of 
the assumptions applied in the derivation of Eq. 
(13), or some of the parameter values used for the 
computations, must have been or have become 
inadequate to describe the osmotic equilibria pre- 
vailing in such highly dehydrated cells. 

Clear candidates for misbehavior at high Hb 
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concentrations are Eqs. (2) and (11) which may 
need additional, or corrected, virial coefficients 
when the soluble Hb concentration exceeds 35 g/ 
dl [18]. These equations have not yet been refined 
for the range of Hb concentrations above 45-49 
g/dl. In red cells dehydrated by salt loss, ionic 
strength changes much less than in cells exposed 
to hypertonic shrinkage. The osmotic anomalies 
considered here are therefore unlikely to be due 
to changes in ionic strength [1, 38]. A search for 
refined virial equations is outside the scope of the 
present analysis. 

Discussion 

The osmotic effects of deoxy-Hb S polymerization 
were analyzed with alternative models, which as- 
sumed that low molecular weight non-Hb osmot- 
icants either are, or are not, excluded from polymer- 
associated water. To test the opposite predictions of 
exclusion and nonexclusion models experimentally, 
we measured the oxygenation-induced density shifts 
of SS cells from fresh venous blood and obtained 
support for the nonexclusion model. The analyses 
and results indicate that SS cells would shrink on 
deoxygenation and swell on reoxygenation, and that 
the size of the volume shifts in dehydrated SS cells 
may be far larger than had hitherto been suspected. 

From the analysis, we can identify several inter- 
related factors that determine the extent of the cell's 
volume change on polymerization or depolymeriza- 
tion: (i) the direct change in osmotic particle concen- 
tration due to polymer formation or breakdown, (ii) 
the extent to which soluble Hb and non-Hb osmot- 
icants are excluded from polymer-associated water, 
(iii) the change in polymer fraction with total cell Hb 
concentration, (iv) the change in osmotic coefficient 
upon dilution or concentration of the soluble Hb, 
and (v) the proportionate contribution of Hb to the 
total cell osmoticants (which is relatively high in 
dense SS cells which have become dehydrated by 
salt loss). The last factor above, acting together with 
the two preceding factors, considerably enhances 
the volume response of dehydrated SS cells. We 
will now discuss some implications of the present 
analysis. 

CONSEQUENCES OF ASSUMING OSMOTIC 
EQUILIBRIUM BETWEEN CYTOSOLIC AND 
POLYMER WATER COMPARTMENTS 

Preliminary evidence indicating that sorbitol and 
small ions fully equilibrate in the polymer water 
compartment, whereas macromolecules remain ex- 

cluded [4] suggests that equality of the chemical 
potential of water in the polymer and the cytosol is 
attained together with osmotic equilibration. Analy- 
sis of such an osmotic equilibrium exposes unex- 
pected properties of the polymer boundaries and 
possible metabolic effects. If cytosolic macromole- 
cules are excluded from polymer water, their os- 
motic contribution in the cytosol must be balanced 
by a higher concentration of nonexcluded solutes in 
the polymer water. This must generate a Donnan 
distribution with stationary diffusion and potential 
gradients across the exclusion boundary on the poly- 
mer surfaces. Although the experimental results rule 
out global exclusion of non-Hb solutes, they are not 
sufficiently quantitative to rule out partial exclusion. 
Any selective solute exclusion would also cause ad- 
ditional composition differences between polymer 
water and cytosol and associated diffusion and po- 
tential gradients. All such effects would be larger in 
dehydrated SS cells, where polymer water becomes 
a substantial fraction of the cell's total water. An- 
other possible anomaly in dehydrated SS cells could 
result from the exclusion of enzymes from the poly- 
mer water: their consequent increased cytosolic 
concentration, and the reduced access-time to their 
substrates, could alter the operation of the cell's 
metabolic and repair processes in unforseen ways. 

IMPLICATIONS FOR THE STATISTICAL 
MECHANICAL ANALYSIS OF CONCENTRATED 
PROTEIN SOLUTIONS 

Statistical mechanical analysis of the behavior of 
rigid, noninteractive spheres, using the virial expan- 
sion technique [20, 34, 36], adequately predicts the 
virial coefficients needed to describe the nonideal 
behavior of Hb in sedimentation [13, 36] and in os- 
motic equilibration experiments [1, 3, I1, 12, 28] 
when the Hb concentration is below ~35 g/dl. 
Within this Hb concentration range, then, Hb mole- 
cules in aqueous solution behave like free bouncing 
"billiard balls." At higher Hb concentrations, the 
virial coefficients used in Eqs. (2) and (11) systemati- 
cally underestimate the osmotic effects observed 
[18], suggesting that in red cells dehydrated by salt 
loss (relatively constant ionic strength), interactions 
at shorter intermolecular distances may generate 
further departures from nonideality, requiring addi- 
tional coefficients. 

An experimental model for cell dehydration by 
salt loss can be approximated using ionophores for 
K permeabilization of normal red cells, which then 
dehydrate with loss of KCI. The increased osmotic 
value of concentrated hemoglobin causes more KCl 
than water to be displaced from the cells, with conse- 
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quent increase in the overall osmolality of the cell 
suspension [18]. A statistical mechanical interpreta- 
tion of this effect must account for an increased 
partial pressure (and hence activity coefficient) of 
the low molecular weight solutes in the cell's domain 
of increasing protein concentration, to explain what 
drives a hypertonic effluent out of the cells. A similar 
interpretation would have to apply to the unequal 
distribution of low molecular weight solutes in cyto- 
solic and polymer water, as suggested by our 
analysis. 

POSSIBLE HEMODYNAMIC EFFECTS OF HB S 
POLYMERIZATION 

Because of the very low oxygen affinity of dense SS 
cells, they are largely deoxygenated at the oxygen 
tensions in the capillary circulation, and a substan- 
tial fraction of their Hb is polymerized. Under those 
conditions, they would be partially shrunken com- 
pared with their volume when fully oxygenated and 
free of polymer, as they may be observed under 
laboratory conditions. The shrinkage resulting from 
polymerization would tend to decrease cell deform- 
ability (as compared with the oxygenated cells), with 
consequent reduction in local flow. Stasis would lead 
to more complete deoxygenation of the cells and 
increased polymer fraction, with further shrinkage 
and rigidity, thereby increasing the risk of microin- 
farction. 

POSSIBLE PHYSIOLOGICAL ROLES OF THE OSMOTIC 

CHANGES GENERATED BY PROTEIN 

POLYMERIZATION-DEPOLYMERIZATION 

The analysis presented here, although specifically 
focused on Hb S and SS cells, applies to protein- 
dependent osmotic effects in any cell. Reversible 
polymerization reactions occur in most cells, and 
mediate many essential cell functions [19]. In the 
light of the present analysis, possible physiological 
roles of protein-dependent osmotic shifts may be 
worth exploring, such as in the swelling of secretory 
granules after fusion [43], or in the generation of 
local osmotic gradients for water transport. 
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