
contrast, the same sequence shows many 
differences when compared among hu- 
mans, chimpanzees, gorillas, and orangu- 
tans. Confronted with the mathematically 
rather awkward situation of dealing with 
the absence of variation, they calculate the 
minimum amount of nucleotide diversitv 
that must exist in this intron in order to al- 
low their observation of no variation to lie 
within the 95% confidence interval of the 
expected. They then go on  to estimate a 
time to the common ancestor of the Y chro- 
mosome by calculations that, surprisingly, 
do not take the N ,  of males into account. 
The date they come up with is 270,000 
years ago, more recent than can be envi- 
sioned for the oriein of Homo erectus. It " 

thus fits with the recent mitochondria1 date 
of the modern human gene pool. 

Could there be other explanations for 
this observation? Peter Goodfellow and his 
group (5), as well as others, have studied 
the evolution of another gene on  the Y 
chromosome, the SRY, which is directly re- 
sponsible for inducing maleness. They find 
that when this gene is compared among 
species, it evolves very rapidly. Some parts 
of the protein even show such a high num- 
ber of amino acid replacement substitutions 
relative to silent substitutions that one tnust 
conclude either that part of the protein has 
no function at all or that its evolution is 
driven by directional selection-a very rare 
phenomenon among protein-coding genes. 
Yet, within species very little variation is 
found. How could this be? A possible expla- 
nation is the absence of recombination on  
the Y chro~noso~ne. Normally, a mutation 
that is selected will, on its u7av to fixation. 
be broken loose from accompanying regions 
on the chromosome where it initially oc- 
curred by recombination. Not  so on the Y 
chromosome. Here, a selected allele will 
drag with it all the rest of the non- 
recombining part of the Y chromosome in 
potentially gigantic selective sweeps. This 
could homogenize the gene pool within the 
species, yet allow rapid evolution between 
species. So does the finding of Dorit et al. 
reflect a lack of recombination on human Y 
chromosomes rather than say something 
about our past? 

A recent paper by Nachrnan and 
Aquadro (6) is of relevance to this question. 
They have compared the amount of within- 
species polymorphism among mice for a 
noncoding region flanking the Sry gene and 
related it to the amount of between-s~ecies 
divergence for the same sequence. They 
compared this ratio to the same ratio for the 
rapidly evolving control region of the 
mtDNA in the same mice. If any of the two 
loci were the victims of a selective sweeo in 
the recent past, this would show up in the 
form of a reduced intraspecific polymor- 
phism. The results show that they cannot 

reject the hypothesis that the Sry, and thus 
the entire nonrecombining part of the Y 
chromosome, evolves neutrally. Therefore, 
there seems to be no reason to believe that 
selection acts on the Y chromosome. 

Of course, the mtDNA data, as well as 
the ZFY data, could both be explained by 
selective sweeps. However, when two loci 
rather than one tell the same story, the 
selectional ex~lanat ion becomes less likelv. 
But more work is still needed on how to cal- 
culate the coalescence time when no varia- 
tion is observed. It is also of importance to 
see to what extent the ZFY intron varies 
among nonhuman primates. Other regions 
in the human genome, so small that recom- 
bination over the time man relevant for hu- 
man history will not be a major factor, 

should also be examined to show whether 
our recent common ancestry is a genome- 
wide phenomenon. So far, we have just 
seen the small beginning of what someone 
has called the biggest archaeological exca- 
vation of all times: the quest into the ge- 
nome to reveal our past. 
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The Biophysics of Sickle Cell 
Hydroxyurea Therapy 

William A. Eaton and James Hofrichter 

Hydroxyurea has recently been shown to 
be effective for treating adult patients with 
sickle cell disease (1 ) .  This approach, pio- 
neered by Platt and colleagues ( 2 ) ,  repre- 
sents the first specific therapy for this class 
of genetic diseases (3). The  sequence of 
pathological events in sickle cell disease is 
(i) the polymerization of the abnormal he- 
moglobin S to form a viscous gel upon 
deoxygenation of the red cells in the tissues, 
(ii) a large decrease in the deformability of 
the cells, (iii) occlusion of the vessels of the 
microcirculation by the stiffened cells, (iv) 
insufficient oxygen delivery, and finally, (v )  
tissue damage, which may cause episodes of 
severe pain known as a "sickle cell crisis." 
This sequence is less likely in patients with 
an unusually high fraction of "F cells." F 
cells contain about 20% fetal hemoglobin 
(hemoglobin F) and 80% hemoglobin S, 
whereas "S cells" contain only hemoglobin 
S. The principal therapeutic effect of 
hydroxyurea in sickle cell patients is be- 
lieved to be the increase in the fraction of F 
cells, from about 30% to about 50% (1 ). Al- 
though the biochemical mechanism by 
which hydroxyurea stimulates hemoglobin 
F synthesis is not yet known, the biophysi- 
cal mechanism of how hemoglobin F has 
such a profound inhibitory effect on poly- 
merization in F cells is well understood. The  
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story of this mechanism is an example of 
physics and physical chemistry providing 
direct and deep insights into the molecular 
pathology of a human disease (4). 

The net effect of hemoglobin F in F cells 
is simply to dilute the hemoglobin S. How 
does such a small decrease in hemoelobin S " 
concentration have a therapeutic effect? Ki- 
netics hold the key (5). Upon deoxygena- 
tion of sickle red cells, there is a pronounced 
delay before the explosive appearance of 
polymer (see figure). If the delay time is 
less than the -1 s transit time of a red cell 
through the microcirculation, polymeriza- 
tion will occur while the cell is squeezing 
through small vessels, and blockage may oc- 
cur (see figure). If the delay time is longer 
than the 10 to 20 s that it takes the cell to 
return to the lungs to be reoxygenated, po- 
lymerization will not occur. Although poly- 
merization takes olace in almost all sickle 
cells at venous oxygen pressures at equilib- 
rium in vitro, there is no polymerization in 
the vast majority of cells in vivo because 
the delay time is longer than 10 to 20 s (6).  

The delay time is incrediblv sensitive to 
solution coiditions, inversely 'proportional 
to about the 30th power of the initial he- 
moglobin S concentration (5). In contrast, 
ordinary chemical reaction rates depend on 
the first or second Dower of the reactant 
concentration. Consequently, a small de- 
crease in the concentration of hemoglobin 
S has a large effect on the delay time. De- 
creasing the intracellular hemoglobin S 
concentration to delay polymerization is 
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therefore an obvious strategy for the treat- 
ment of sickle cell disease (5,7), and that is 
precisely how hemoglobin F works. 

What is the molecular explanation of 
the delay time and its enormous concen- 
tration dependence? Because polymeriza- 
tion is a highly cooperative process, it 
behaves like a two-phase system with a 
well-defined critical concentration or solu- 
bility (8). Polymers therefore form by some 
kind of nucleation mechanism. Conven- 
tional nucleation mechanisms fail, however, 
to explain the delay period. A novel, double 
nucleation mechanism provides the answer 
(9). In this mechanism, the first polymer 
molecule in a given solution volume forms 
by "homogeneous" nucleation. This mol- 
ecule then serves as a tem~late for the "het- 
erogeneous" nucleation of additional poly- 
mers. The more polymerized hemoglobin, 
the larger is the surface area available for 
heterogeneous nucleation. In this way, 
heterogeneous nucleation provides the au- 
tocatalvsis that is res~onsible for the delav 

The mechaiism also readily ex: 
plains the high concentration dependence 
of the delay time: The apparent reaction 
order is simply half the size of the critical 
nuclei. The general features of the double 
nucleation mechanism can be literally 
"seen" in fuzzy optical images of growing 
polymers, including branching at high su- 
persaturation, indicating heterogeneous 
nucleation, and elongation only at low su- 
persaturation where heterogeneous nucle- 
ation is shut down (10). 

Predicting exactly how much the delay 
time is increased by hemoglobin F requires 
some explanation of the structure and ther- 
modynamics of polymer formation. Hemo- 
globin is a tetramer consisting of two pairs 
of identical subunits, a and P (or y in the 
case of hemoglobin F). The P6 (Glu) + 
(Val) mutation in hemoglobin S creates a 
"sticky" hydrophobic patch on the molecu- 
lar surface resulting in the uolvmerization of - . , 

deoxygenated or partially deoxygenated tet- 
ramers in the T (deoxy) quaternary confor- 
mation. In a mixture of hemoglobin S 
(a2PzS) and hemoglobin F (a2y2), there is a 
third tetrameric species, the hybrid mol- 
ecule a2PSy (1 l). A key result from equilib- 
rium studies is that there is verv little c o ~ o -  
lymerization of either a2P9 or a2y2 tetra- 
mers (4. 12). which can be understood from . , ,, 

the structure of the polymer (13). Tetra- 
mers containing either one or two Y sub- - 
units, therefore, appear to act as virtually 
inert diluents. 

In F cells, the net effect of the 20% he- 
moglobin F is, then, to dilute the a2PzS (po- 
lymerizing) tetramers by about 35% (from 
the binomial distribution: 0.64 a2P2S, 0.32 
a2PSy, and 0.04 a;y2). A nalve calculation 
suggests that dilution of 110.64 increases the 
delay time in F cells by about (1/0.64)30 = 

nificant polymerization has begun (unless, 
of course, they are trapped in a vessel oc- 
cluded by another cell) (see figure). The 
larger the number of F cells, the larger the 
number of cells that do not sickle in vivo. 
That the additional F cells produced by 
hydroxyurea are slowly sickling or non- 
sickling is supported by a joint (Harvard, 
lohns Houkins, and NIH) uilot study on 
;he distridutiok of intracelluiar delay kmes 
in patients before and after hydroxyurea 

/ therapy (16). 
There are many remaining problems in 

F cell understanding the effects of hydroxyurea. 
The most pressing challenge for the mo- 
lecular bioiogist is to unraiel the genetic 

, mechanism of the stimulation of hemoglo- 

Delay time o f  hemoglobin S polymerization, 
and transit of red cells through the microcir- 
culation. (A) Kinetic progresscurve for the po- 
lymerization of hemoglobin S. (B) (Top) An F 
cell passes through a capillary and escapes 
without intracellular polymerization because the 
delay time is longer than the transit time. (Bot- 
tom) In an "S cell," the delay time is shorter 
than the capillary transit time, and polymeriza- 
tion and cellular deformation ("sickling") occur 
while the cell is in the capillary, with the possi- 
bility of occluding the vessel. 

lo6-fold compared to the experimental 
value of "only" -lo3 (7). However, this 
simple calculation neglects the fact that the 
n ~ ~ ~ o l ~ m e r i z i n ~  molecules containing y 
subunits take up space in the highly con- 
centrated red cell and thereby increase the 
effective thermodynamic concentration 
(activity) of the polymerizing a2P2S tetra- 
mers (8. 14). This effect can be dealt with . . 
quantitatively by evaluating the supersatu- 
ration of the solution in terms of activities 
instead of concentrations. The reciprocal 
delay time depends on the activity super- 
saturation raised to about the seventh 
power, indicating a nucleus size of about 14 
tetramers, and the resulting increase in the 
delay time is calculated to be very close to 
the ex~erimental value of - lo3 (15). . . 

The critical concentration for polymer- 
ization (sickling) in a typical F cell is about 
0.3 g/cm3,- the estimated solubility at mixed 
venous oxygen pressures (4) (total intracel- 
lular hemoglobin concentrations vary from 
0.25 to 0.5 g/cm3). F cells with total hemo- 
globin concentrations less than 0.3 g/cm3 
will never sickle at this pressure. F cells with 
total hemoglobin concentrations greater 
than 0.3 g/cm3 would sickle at equilibrium 
but do not sickle in vivo because of the 
-lo3-fold increase in the delay time. This 
increase is sufficient to allow almost all F 
cells to escape the microcirculation and be 
reoxygenated in the lungs before any sig- 

bin F synthesis. For the biophysical scien- 
tist, it will be important to determine the 
effect of hydroxyurea on the distributions of 
critical concentrations and delay times in F 
cell populations, and also to establish with 
even greater certainty whether hydroxyurea 
does more to influence intracellular poly- 
merization than just increase the number of 
F cells. Addressing these problems may lead 
to an even more effective therapy for sickle 
cell disease. 

References and Notes 

1. S. Charache et a/., N. Engl. J. Med. 332. 1317 
(1 995). 

2. 0. S. plan etal.. J. Clin. Invest. 74. 652 (1984) 
3. L. Pauling, H. A. Itano, S. J. singer, I. C.  wells. 

Science 110,543 (1949); K. Singer and L. Singer. 
Bloods, 1008 (1953); V. M. Ingram, Nature 178, 
792 (1956); H. F. Bunn and B. G. Forget, Hemo- 
globin: Molecular, Genetic, and Clinical Aspects 
(Saunders, Philadelphia, 1986). 

4. W. A. Eaton and J. Hofrichter, Blood 70, 1245 
(1 987); Adv. Prot. Chem. 40, 63 (1 990). 

5. J. Hofrichter, P. D. Ross, W. A. Eaton, Proc. Natl. 
Acad. Sci U.S.A. 71, 4864 (1 974). 

6. A. Mozzarelli, J. Hofrichter, W. A. Eaton, Science 
237, 500 (1987). 

7. H. R. Sunshine, J. Hofrichter, W. A. Eaton, Nature 
275, 238 (1978). 

8. P. D. Ross. J. Hofrichter, W. A. Eaton, J. Mol. Biol. 
115. 111 (1977). 

9. F. A. Ferrone, J. Hofrichter, W. A. Eaton, ibid. 183, 
61 1 (1985). 

10. R. W. Briehl, ibid. 245, 710 (1995). 
11. H. F. Bunn and M. McDonough, Biochemistry 13, 

988 (1974). 
12. M. A. Goldberg, M. A. Husson. H. F. Bunn, J. Biol. 

Chem. 252, 341 4 (1977). 
13. B. C. Wishner, K. B. Ward, E. E. Lattman. W. E. 

Love, J. Mol. Biol. 98, 179 (1975); G. W. Dykes, R. 
H. Crepeau, S. J. Edelstein, Nature 272. 506 
(1978); R. L. Nagel et a/.. Proc. Natl. Acad. Sci. 
U.S.A. 76, 670 (1979); R. L. Nagel et ab, Nature 
283, 832 (1980); E. A. Padlan and W. E. Love, J. 
Biol. Chem. 260, 8272 (1985); 1. Cretegny and S. 
J. Edelstein, J. Mol. Biol. 230, 733 (1993). 

14. A. P. Minton, J. Mol. Biol. 110, 89 (1977); P. D. 
Ross, R. W. Briehl, A. P. Minton, Biopolymers 17. 
2285 (1 978). 

15. A dilution without an inert hemoglobin is much 
more effective in decreasing the delay time be- 
cause both the initial concentration and the initial 
activity coefficient are decreased, producing a 
much larger (30th power) concentration depen- 
dence. 

16. K. R. Bridges etal., unpublished results. 
17. The authors thank A. Szabo and H. F. Bunn for 

helpful discussions and good advice. 

SCIENCE VOL. 268 26 MAY 1995 




