Rational Approaches to
Chemotherapy: Antisickling Agents
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Biomedical scientists with a chemical
orientation recognize that the rational
design of therapeutic compounds must
be based on an understanding of a dis-
ease at a molecular level; that is, biologi-
cal function is embedded in molecular
structure. A major obstacle to success in
the rational design of specific drugs is
our ignorance of the molecular basis of
disease. However, there is one notable
exception to this ignorance: namely,
sickle cell disease. After decades of re-
search, it is now known that the patho-
physiology of the sickle cell syndrome is
the consequence of an aggregation pro-
cess arising from a specific substitution
of a single amino acid residue in the 8
chains of hemoglobin.

identical « and two identical B chains,
each containing 141 and 146 amino acid
residues (4), respectively. A single resi-
due mutation in the sixth position in the
B chains

HbA: Val-His-Leu-Thr-Pro-Glu-Glu-
Lys----

HbS: Val-His-Leu-Thr-Pro-Val-Glu-
Lys----

leads to an aggregation of HbS molecules
into long fibers (Fig. 2) which distort the
erythrocyte into the characteristic de-
formed shape associated with sickle cell
syndrome (5).

The precise structural arrangement of
hemoglobin molecules within these fi-

Summary. The rationale leading to the design and synthesis of double-headed
aspirins as potential antisickling agents is described.

Sickle cell anemia was first recognized
in 1905 by J. B. Herrick (I), a cardiolo-
gist and professor at Rush Medical Col-
lege and attending physician at Presby-
terian Hospital in Chicago. It was he
who discovered peculiar sickle-shaped
erythrocytes in a sample of blood from
an anemic West Indian clinical patient
(Fig. 1). The first indication that sickle
cell hemoglobin (HbS) differs in a molec-
ular structural feature from normal adult
hemoglobin (HbA) was provided by Paul-
ing, Itano, Singer, and Wells (2) almost
40 years later. These investigators found
that in the 64,000 molecular weight he-
moglobin molecule there exists a small,
but definite, difference in electrical
charge between HbS and HbA. Subse-
quently Ingram (3) showed that this dif-
ference is due to the replacement of a
single glutamic acid residue by a valine
in one of the two types of chain in
hemoglobin. Hemoglobin consists of two
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bers has yet to be established unequivo-
cally. Nevertheless, electron microsco-

py and image reconstructions (5-I6)

combined with information obtained
from x-ray diffraction measurements (11,
17-20) are beginning to reveal the orien-
tations of individual macromolecules
within the filaments that constitute a
fiber. At present, it seems likely that a
14-strand arrangement (ten outer fila-
ments surrounding four inner ones) oc-
curs in the majority of the aggregated
HbS molecules in a sickled erythrocyte.

Points of contact between hemoglobin
molecules in the fiber have not yet been
delineated with certitude, but educated

" guesses have been made especially from

electron microscope and x-ray studies of
fibers and crystals (19, 21, 22) and from
comparisons of sickling tendencies of
hemoglobin double mutants (23-31).
There are strong indications that the
surface contacts of HbS tetramers in
fibers involve the same residues as in
crystals, where a hydrophobic bond is
formed between 6 Val of one hemoglo-
bin tetramer and B85 Phe and 388 Leu of
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an adjacent tetramer. This interaction
seems to be crucial, but there are also
strong intimations of a large number of
other contacts involving electrostatic
cross-links, hydrogen bonds, and nonpo-
lar interactions. The specific residues
implicated in contacts (Fig. 3) show the
partners involved. All of these seem to
play a role in influencing the solubility
and consequent polymerization of sickle
hemoglobin.

With this molecular information, we
can devise a variety of strategies for
counteracting sickling. One general
scheme involves perturbing HbS at sites
in the contact interfaces of the protein
molecules on the insoluble fiber so that
intermolecular interactions are obstruct-
ed directly. Alternatively, an indirect,
flanking strategy can also be envisaged,
based on the following. More than 50
years ago, Hahn and Gillespie (32) found
that sickling depended on lower oxygen
tension; that is, on the formation of
deoxyhemoglobin. Subsequently, Muir-
head and Perutz (33, 34) showed that the
geometry of the tetrameric form of
deoxyhemoglobin is substantially differ-
ent from that of the oxy form. For HbS it
is the deoxy tetramer that assembles in
the fibrous gel. The deoxy quaternary
conformation has the spatial arrange-
ment of surface groups that are in regis-
ter to link the tetramers together to form
an extended fibril. In contrast, in the oxy
conformation, corresponding interac-
tions do not exist, If we could shift the
conformational equilibrium toward the
oXy structure, or better yet if we could
covalently lock contact regions in a con-
formation out of register for aggregatior,
sickling tendencies should be reduced.

In actual practice, a large number of
compounds have been examined, with-
out clear molecular rationalization, for
antisickling potential. Many compounds
were tried before even any hints were
available as to the molecular nature of
contact interfaces, and even now with
some elucidation of this structural ques-
tion, no novel specific chemical or physi-
cochemical reaction for approaching
the aggregation problem directly has
emerged. In reviewing the reagents tried,
therefore, we categorize them at first in
terms of their chemistry as noncovalent
or covalent in their mechanism of action.

Noncovalent Agents

For several decades, it was “‘well
known’’ that urea (1) breaks hydrogen
bonds. Since even in the 1950’s hydro-
gen bonds were recognized to play a role
in protein folding and aggregation, Alli-
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son (35) added urea and found that HbS
aggregation could indeed be diminished.
Subsequently, after the action of urea on
proteins was ‘‘well-known’’ to be due to
interference with hydrophobic bonds,
Nalbandian (36) proposed and used it for
the clinical treatment of sickle disease
and reported favorable results, but these
were not confirmed in tests with suitable
controls. Regardless of the theoretical
premise for its use, in practice urea af-
fects proteins only when its concentra-
tion is high (approximately molar) and
hence has never really been a promising
candidate for clinical use. Alternatively,
substituted alkylureas (2) have also been
tried (37), but they too are effective only
at relatively high concentrations (about
0.1M).

Another agent that interferes with
nonpolar interactions in proteins and at a
much lower concentration than does
urea is ethanol (3), so it would be expect-
ed to diminish HbS aggregation (38).
Indeed, 0.17M ethanol has been shown
to decrease sickling substantially (39,
40). This concentration corresponds to
about 700 milligrams per 100 milliliters of
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Fig. 1. Reproduction of microphotograph tak-
en from the original publication of Herrick (/)
showing ‘‘the peculiar elongated forms of the
red corpuscles” of a person with sickle cell
anemia.
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blood, which is near a fatal dose; but at
half that concentration, only a high eu-
phoria would be produced. A number of
other polar organic solvents (39), such as
dimethyl sulfoxide (4), dioxane, and di-
methyl formamide also increase the solu-
bility of HbS about as effectively as
ethanol, but none seems an attractive
candidate for therapeutic use.

Another rationale has led to the exami-
nation of a very different class of organic
compounds. For many years it has been
recognized that protein molecules in spe-
cific aggregates must have complemen-
tary polypeptide interfaces. It follows
then that smaller oligopeptides with se-
quences mimicking those of one of the
constituents at such an interface might
compete with one of the protein macro-
molecule partners at the junction, and
hence disrupt the aggregate. In regard to
HbS aggregates, Yang and co-workers
(41, 42) proposed that small peptides
with structures similar to those in the
region of the B6 Val of HbS should inhib-
it aggregation. Increases in minimum gel-
ling concentration were indeed observed
for peptides 5 and 6, but also for 7 and
for Leu- and Met-enkephalin (which are
brain pentapeptides unrelated to S, 6,
and 7). Subsequently, a variety of even
smaller unrelated peptides, such as 8,
were also found to inhibit gelation of
HbS (43, 44), and ultimately even sim-
pler phenyl derivatives of a wide range of
organic compounds (45, 46) were discov-
ered to be effective. In general, it ap-
pears that compounds with apolar
substituents can inhibit aggregation.
That the mechanism is a highly specific
structural displacement at contact inter-
faces seems unlikely, however. It has
been known for some time that benze-
noid and alicyclic compounds are bound
by hemoglobin, as is evident, for exam-
ple, from studies of crystallization of this
oxygen carrier in the presence of such
compounds (47).

Furthermore, a vast selection of or-
ganic anions of widely differing structure
can be bound in the B cleft of hemoglo-
bin. In addition to the naturally occur-
ring modulators 2,3,-diphosphoglycerate
(48-50) and inositol hexaphosphate, a

range of organic (and inorganic) anions
are capable of lodging in the B cleft (57)
as is apparent from their effects on O,
affinity of hemoglobin. Included in these
compounds are even cellular metabo-
lites, such as succinate and malate (5/),
and probably substances such as DBA
(3,4-dihydro-2,2-dimethyl-2 H-1-benzopy-
ran-6-butyric acid) (40), which are ana-
logs of natural preducts.

In many cases, such as those of DBA
and dianions, the compounds cannot
penetrate the erythrocyte membrane (52)

Fig. 2. Proposed arrange-
ment of tetramers of he-
moglobin along axis in
sickle fiber. [Adapted
from Dykes et al. (14)]
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and hence will not be effective in vivo. In
contrast, polarizable groups, such as Br
substituents on aromatic rings, endow
otherwise nonpermeating compounds
with the ability to penetrate the red cell
membrane (53) and also to increase their

binding by hemoglobin. It may be, there-

‘fore, that the variations in severity in

clinical manifestations of sickle cell dis-
ease are reflections of differences in the
presence of small amounts of unrecog-
nized dietary or metabolic products
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Fig. 3. Amino acid residues proposed to be in intermolecular contact regions between
hemoglobin molecules in sickle fiber. The specific residues shown are suggested mainly from x-
ray studies of deoxy HbS (I9, 21, 22) and from comparisons of sickling tendencies of
hemoglobin double mutants (23—37). O, Residues in up-down contacts along fiber axis; W,
residues in regions of side-to-side contacts. Circled letters designate mutants with single amino
acid substitutions that alter gelation behavior. Amino acids boxed within a solid-line rectangle
have primary amine groups available for acylation and are within the B cleft. Amino acids within
a broken-line rectangle are potential nucleophiles that might be alkylated and are near the same
region. The subscripts of the subunits, ay, ay, B, B2, denote binding site of type 1 or type 2 for
chains on adjacent molecules. Also shown along the axes are portions of the eight helical
regions (A, . . . H) and the six nonhelical regions (NA, EF. . . .) of the hemoglobin molecule.
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within the erythrocyte. Even if they only
affected oxygen affinity, they could influ-
ence the onset of sickling. If they also
were bound at contact interfaces or mod-
ified the conformation of hemoglobin,
they could exert more direct effects on
aggregation.

Covalent Agents

If covalent modification is to be used,
two different molecular rationales can be
envisaged. The most obvious is to at-
tempt to modify HbS at sites in the
contact interfaces of the protein mole-
cules in the insoluble fibril so that inter-
molecular interactions are obstructed di-
rectly. Specifically, this approach sug-
gests that B6 Val, B85 Phe, or B88 Leu
be altered. However, we have been un-
able to find a record of any reaction for
tampering with these hydrophobic resi-
dues that could be carried out safely in a
physiological milieu. It seems to us that
only amine-containing residues in a pro-
tein are reasonable candidates for modi-
fication with reagents mild enough to be
pharmacologically acceptable. It is true
that hemoglobin contains sulfhydryl resi-
dues, one of which, 93 Cys, reacts with
mercaptan-blocking reagents (35, 54, 55)
such as mercurials and disulfide com-
pounds, but in vivo these would wreak
havoc with a wide range of enzymes.

1) Types of amine-blocking agents.
Among amine-blocking reagents are al-
kylating compounds, aldehydes, and ke-
tones that form Schiff bases, amidinat-
ing reagents, carbamylating compounds,
and acylating agents. Representatives of
each class have been shown to react with
hemoglobin in vitro.

An exceptionally effective alkylating
agent for hemoglobin is nitrogen mustard
(9), which markedly inhibits sickling (56)
in vitro. Although this compound may be

SCIENCE, VOL. 213



COOH
ol

23

COOH

~d_r
cl

28

COOH o
P

32

H O H
o ot
I F F
26 27
H OOH
o-ﬁ-(cnz)n—g-o
31
COOH 0 COOH COOH o o COOH
oBocmy o D
B Br B Br B Br Br r
a3 34

useful in extracorporeal therapy, it is
obviously not suitable for oral or intrave-
nous treatment.

The interactions of carbonyl com-
pounds with amines of hemoglobin have
been examined on a very broad scale (for
example, 12 to 20). In vivo, the appear-
ance of HbA,., HbA,,,, and HbA,,;, ad-
ducts of hemoglobin with glucose, glu-
cose 6-phosphate, and fructose 1,6-di-
phosphate, respectively (57-59), in the
Blood of normal individuals points
strongly to Schiff base formation be-
tween carbohydrates and the B chains of
this oxygen carrier under physiological
conditions. That such sugar adducts are
formed in vitro has been demonstrated
with hemoglobin (59-61) as well as with a
Val-His peptide (62) corresponding to
the B amino terminus. Such observa-
tions suggested the use of glyceralde-
hyde (63, 64), since it is an open chain, as
an antisickling agent, but it is apparent
that the concentrations required are too
high. In a separate direction, there have
been extensive studies (65-67) with alde-
hydic pyridoxal derivatives (see 15 for
base structure) which show some speci-
ficity for the B-cleft region. Beddell et al.
(68, 69) have also designed a di-alde-
hyde, 4,4'-diformyl-2-bibenzyloxyacetic
acid (20), with a structure that fits well in
the B cleft. Although Schiff base forma-
tion is a reversible reaction, compounds
of this class may prove to be effective
antisickling agents if they are bound
strongly and specifically enough at low
concentrations.

Imidates are also reactive toward
amine groups and hence are effective
modifiers of Lys residues in proteins.
Dimethyladipimidate (10) has been par-
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ticularly popular in cross-linking reac-
tions with proteins, but the reaction has
to be carried out at a pH substantially
above 8. Dimethyladipimidate reacts
with the erythrocyte membrane (70) as
well as with hemoglobin (7/), as does
the monofunctional methylacetimidate
72).

In the early 1970’s when urea was
thought to be effective clinically at rela-

tively low concentrations and yet was
known to disaggregate proteins only at
high concentrations, it seemed (73) that
the active constituent of urea might be
the cyanate (11) that it forms in aqueous
solution. Sodium cyanate was then
shown (73, 74) to carbamoylate hemoglo-
bin extensively, largely at the NH, ter-
minal amines of the a and B chains and to
be an inhibitor of sickling. Subsequently

Fig. 4. Side view of scale molecular model of human deoxyhemoglobin showing B cleft, top
center. [Model assembled by John Mack, photograph taken by Kevin Fishback of Sieber and
Mclntyre, Inc.]
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Table 1. Percentage of hemoglobin modification and cross-linking by diaspirins.

Percent modification*®

T 3 chains

Intracellular EXtra- cross-

Compound _— cellular: linked
One Four one (%)
dose doses dose .

Bis(salicyl) diesters

! Fumarate (unsaturated C,) 0 0 70 85

2 Succinate (Cy) 0 0 14 10

3 Adipate (Cq) <5 15 16 0

4 Suberate (Cg) 10 35 14 0

5 Sebacate (C,y) 24 42 14 0

6 Dodecanedioate (C,,) 35 65 17 0

Bis(3,5-dibromosalicyl) diesters

7 Fumarate (unsaturated C4) (1 mM) 15 93 88 70

8 Succinate (Cy) (1 mM) i8 64 70 40

9 Sebacate (Cjo) (0.5 mM) 29 63 30 0

*Hemoglobin in oxygenated form.

a double-blind clinical study revealed no
improvement in sickle cell crises and
gave evidence of toxicity (75, 76).
Turning to acylating agents, one can
readily suggest many anhydrides or acid
chlorides. But these have no likelihood
of being pharmacologically acceptable.
2) Aspirins. The particularly novel
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idea that occurred to us a few years ago
(38) was to use acylsalicylates, of which
aspirin (21) is the prototype, as especial-
ly mild acylating reagents (77) for attach-
ing various groups to the Lys and pri-
mary amino groups of hemoglobin. Aspi-
rin is known to react with small molecule
amines and had been reported (78) to

Fig. 5. Projection of three-di-
mensional arrangement of
both B chains of hemoglobin.
[Adapted from Muirhead and
Perutz (33) and Arnone (83)]

acetylate serum albumin in vivo. With
14C-labeled aspirin we were able to dem-
onstrate (38) acetylation of hemoglobin
within erythrocytes, as well as in hemol-
yzates. That aspirin acetylates hemoglo-
bin was confirmed by others (79, 80).
Such acetylation also occurs in vivo, as
is evident from the observations of
Bridges et al. (80) with aspirin-treated
patients who have been exposed to mul-
tiple doses. However, the effect of a
single exposure to aspirin on sickling of
HbS erythrocytes (in vitro) is very small.
It is apparent that acetylsalicylate in
itself is not acylating hemoglobin S to a
sufficient ‘extent to produce a marked
physiological effect.

Aspirin, however, is only the simplest
of the broad class of acylsalicylates. In-
creases in acylating activity, and hence
of antisickling effect, might be achieved
by appropriate modification of either the
leaving group (salicylate) or the acyl
function.

Monosalicylates. Aspirin acetylates
amino groups of intracellular or extracel-
lular hemoglobin by an aminolysis reac-
tion (Eq. 1).

coo”

|
Hb-ng, + 0~C—~CH, =

00
9 OH
Hb-NH~C~CH, + 1

To increase the reactivity of alternative
aspirins, we need to increase the electro-
philicity at the ester bond. The salicylate
moiety is generally the major determi-
nant of the reactivity of acylsalicylates.
One way to increase the lability of these
esters is to place electron-withdrawing
substituents on the aromatic phenolic
ring. This can readily be achieved with a
series of mono- and dihalogenated deriv-
atives (23 to 30). Since dibromosalicylic
acid is readily available commercially,
we synthesized first O-acetyl-3,5-dibro-
mosalicylate (29), ‘‘dibromoaspirin.”
The reaction of S mM dibromoaspirin
with a suspension of normal erythro-
cytes (pH 7.2 at 37°C for 2 hours) led to
the modification of 70 to 80 percent of
the hemoglobin. At these low concentra-
tions, ordinary aspirin yields no detect-
able medification.

Modification of sickle erythrocytes
with dibromoaspirin produced a substan-
tial decrease in erythrocyte sickling. A
decrease in the number of abnormally
shaped cells other than the characteristic
sickled form was also apparent.

If the increased effectiveness of dibro-
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moaspirin, as compared to aspirin, is due
to the electron-withdrawing effect of the
bromine atoms, then a chlorine or fluo-
rine derivative should be even more po-
tent. On the other hand, the augmenta-
tion in effectiveness may be a manifesta-
tion of increased binding of the dibro-
moaspirin to hemoglobin because of
increased polarizibility interactions. In
that case, the chlorine or fluorine deriva-
tives of aspirin should be less effica-
cious, an iodine analog more so. For this
reason we set up the two series of deriva-
tives, 22 to 26 and 27 to 30.

The extent of modification of hemo-
globin by the monohaloaspirins (81) de-
creased in the order 1 > Br > Cl > F.
Evidently increased binding must be the
dominant factor in reactivity; fluoro-
aspirin should have been the most potent
if electron-withdrawing ability were the
crucial feature. With dihaloaspirins the
distinction between derivatives is negli-
gible; apparently with two halogen sub-
stituents, binding of the aspirin ap-
proaches saturation and differences in
activity cannot be discerned.

Double-headed aspirins: bis-salicy-
lates. A second and different covalent
strategy can also be envisaged in which
the conformation of HbS moleciles is
perturbed so that potentially interacting
groups at the contact interfaces are
pulled out of register and their interac-
tions weakened indirectly. For this ap-
proach we recognize first that a central
cavity exists along the dyad axis of the
quaternary structure of hemoglobin (Fig.
4). This cavity has a shape somewhat
like that of two adjoining boxes, each
about 20 A long perpendicular to the
dyad axis, 8 to 10 A wide and 25 A deep
along the dyad axis (33, 34). One box
separates the o chains, the other the B
chains. It is in the portal between the
chains (Fig. 4) that organic phosphate
ions, such as 2,3-diphosphoglycerate, fit
and modulate oxygen affinity (82, 83).
This internal cavity is lined with cationic
polar residues, the a-NH;* of g1 Val,
the imidazoles of 82 His and of 8143 His
and the e-NH;* of B82 Lys (83-85).
Eight such residues are supplied by the
two B chains. Of these, four provide
—NH, groups, two on each B subunit,
that can be acylated. If anionic, double-
headed aspirins could be designed, they
would have a high probability of being
bound (noncovalently) within the cation-
ic B cleft and of reacting (covalently)
with suitably spaced —NH; groups on
opposite B chains. Our second general
program for developing alternative acyl-
salicylates has focused on diaspirins of
this type.

14 AUGUST 1981

That this concept works was first illus-
trated in exploratory experiments (86)
with bis(o-carboxyphenyl) succinate (31,
n =12), two salicyl groups joined by
COCH,CH,CO. Such bis(salicyl) esters
of dicarboxylic acids could react with
hemoglobin as follows:

.
00" oo™ N
OOCCH,CH,CO0 * )‘*
HN

(A)
00"
@ooccnzcnzco—Nﬂ
HN?
. ANH
-oOCCHZCHECO—NH clo %
H
(B) H3N+/ %Hz
CO-NH
©) 2

The intermediate A would not persist
since it is susceptible to hydrolysis,
forming B, or to aminolysis by a second
amine appropriately positioned to form a
cross-linked species C. If & cross-link
arises between amino groups on different
subunits of the hemoglobin tetramer, sta-
ble dimers will persist under conditions
that normally dissociate native hemoglo-
bin into constituent o ahd B monomers.
The extent of such intersubunit cross-
linking, thereforé, can be assessed by
techniques that distinguish proteins on
the basis of size, such as polyacrylamide
gel electrophoresis- in the presence of
sodium dodecyl sulfate.

In the bis(salicyl) diester series (31),
we (87) have synthesized compounds
withn = 2, 4, 6, 8, and 10 to give di-acid
bridges with spans of (n + 2) carbon
atoms. In addition, a bis(salicyl) fuma-
rate (32) was prepared to give a bridge
with a rigid conformation. In view of the
increased reactivity of dibromosalicy-
late, as compared to salicylate, we have
also synthesized bis(3,5-dibromosalicyl)

“diesters of succinic (33, n = 2), sebacic

(33, n = 8), and fumaric (34) acid, re-
spectively.

Among bis(salicyl) diestéers (com-
pounds 1 to 6 of Table 1), the fumarate
derivative (compound 1) produced vastly
superior acylation of extracellular hemo-
globin. Its effectiveness probably arises
from the facilitation of electton with-
drawal from the reacting acyl C=0 and
from resonance stabilization of the anion
intermediate of aminolysis provided by

the conjugated double bond. Such assist-
ance is not furnished by the diesters
derived from saturated dicarboxylic ac-
ids (compounds 2 to 6), all of which
exhibited lower, roughly equivalent lev-
els of modification extracellularly. The
differences in intracellular acylation re-
flect increases in permeability with the
longer chain compounds (88).

The bis(dibromosalicyl) diesters (com-
pounds 7 to 9 in Table 1) were generally
much more reactive than the corre-
sponding nonbrominated diesters (com-
pounds 1 to 5 in Table 1), a finding that
parallels that found for the monoester
derivatives. Furthermore, the presence
of the bromine substituents increased the
membrane permeability of these re-
agents so that the four-carbon brominat-
ed derivatives (compounds 7 and 8) pro-
vided significant acylation of intraceliu-
lar hemoglobin in marked contrast to the
corresponding nonbrominated com-
pounds. As with the nonbrominated di-
esters, the fumarate diester (compound
7) proved most reactive in the series of
brominated compounds. Also intracellu-
lar modification rose with incredse in
chain length of the acyl group to Cyq:

Inasmuch as the diesters (compounds
1 t0 9) contain two activated acyl func-
tionalities, each suscéptible to nucleo-
philic attack by amines, these deriva-
tives have the potential to cross-link
sites of hemoglobin, Table 1 shows the
extent of monomer cross-linking for each
diester (87). With nonbrominated dies-
ters, only four-carbon acyl groups (com-
pounds 1 and 2) provided cross-linking
bridges. Among the brominated esters,
the fumarate (compound 7) and succi-
nate (compound 8) were very effective.

In all cases examined, cross-linking by
four-carbon diesters occurred exclusive-
ly between B subunits within the hemo-
globin tetramer. The bridges formed thus
must be in some area where the two 8
subunits are in close approximation.
This is the region of the B cleft.

A side view of the B cleft on a scale
molecular model of hemoglobin is shown
in Fig. 4. It is obvious that this molecular
canyon is very deep. Furthermore, its
walls are lined with cationic residues
(Fig. 5). One would expect such a region
to have a strong affinity for organic an-
ions (89) such as the bis-salicylates.
Within the B cleft of deoxyhemoglobin
the distances between pairs of amino
groups on opposite B chains (Fig. 5) are
as follows: 3,82 Lys -+ B,82 Lys, 8.1
A; Bi82 Lys -+ - B,1 Val, 11 A; g1 Val
<+ B,1 Val, 18 A. Molecular models
supply distances between nitrogen atoms
attached to opposite ends of the fully
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extended dicarboxylic acids examined in
our studies: -CO-CH=CH-CO-, 6.8 A;

-CO-(CH,-CH,),-CO-, 6.8, 9.2, 11.6,
14.0, and 16.4 A for n = 1, 2, 3, 4, and
S, respectively. The 1 Val - - - 1 Val and
82 Lys - - - 1 Val distances are large for
the span of the C, diesters, and conse-
quently an 82 Lys — 82 Lys bridge
should be favored.

That this is indeed the site of cross-
linking has now been established experi-
mentally (90, 91). X-ray diffraction has
shown that the fumaryl or succinyl group
spans ;82 Lys to 3,82 Lys (Fig. 6). The
difference electron density map (white
contours in Fig. 6) shows the strong
electron density of the succinyl group
spanning the B cleft, as well as areas in
the EF helical bend that are pulled out of
register compared to unmodified hemo-
globin. Furthermore, this cross-link in-
creases the solubility of the modified
deoxy HbS and thus inhibits its aggrega-
tion directly (91).

As this survey illustrates there are -

many rational molecular strategems for
modifying sickle hemoglobin so as to
reduce its sickling tendencies. A chemist
in his hubris might think that once a
compound has been found that decreases
aggregation of hemoglobin the problem,
in principle, has been solved. However,
we must recognize at least two other
crucial features: (i) ability to penetrate
the membrane, (ii) selectivity for hemo-,
globin over other proteins.

Our understanding of the molecular
bases of membrane permeability, pas-
sive or energetically active, is still at a
very rudimentary stage, in large part
because so little is known about details
of molecular constitution and structures
of any membrane. With the aspirins that
we have examined, we were hopeful and
pleasantly surprised that the brominated
diaspirins, in contrast to the nonbromin-
ated ones, would penetrate the mem-
brane but we would not have predicted
such behavior with any assurance. But
once the facts are known we can ratio-
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Fig. 6. Electron density map
of deoxyhemoglobin looking
down into the B cleft (90, 91).
Difference electron densities
of succinate—cross-linked ver-
sus native hemoglobin shown
as white contours. [Courtesy
of Journal of Molecular Biolo-

&yl

nalize them in terms of molecular pic-
tures or mechanisms.

Furthermore, if a compound pene-
trates a red cell membrane it may also
penetrate the membranes of many other
cells. Then we are faced with the prob-
lem that the substance may interact with
other proteins, or biological metabolites,
quite contrary to our intentions. For
example, aspirin penetrates platelet
membranes and acetylates enzymes
within. It also reacts with albumin in the
blood serum without having to penetrate
a membrane. Fortunately, experience of
about a century indicates that the haz-
ards of these side reactions are not se-
vere enough to overbalance the advan-
tages of the analgesic effects. To some
extent the probability of undesirable side
effects can be minimized by designing
the drug to fit specifically within the
receptor site of the target protein. Thus
the C,4 diaspirins have functional groups
sterically disposed to be accommodated
well within the B cleft of hemoglobin. We
hope, therefore, that no other human
protein has a site whose structure com-
plements that of this reagent and that no

- other protein will bind diaspirins. If we

had complete molecular knowledge of all
the proteins in the human organism, we
might, in principle, be able to design our
drug to behave this way. However, abso-
lute specificity is probably nonexistent.
For example, the B cleft of hemoglobin
binds molecules with a wide range of
structures, and free energies, even
though only one substance, 2,3-diphos-
phoglycerate, is presumed to be the
physiologically significant one. Binding

is not an all-or-none phenomenon. Even

with a poor steric fit between effector
and receptor site, if there are any inter-
actions, there will be a free energy
change accompanying binding. A stan-
dard free energy change of zero still
corresponds to an equilibrium constant
of 1. We will always be faced with the
dilemma that in a complex, highly cou-
pled homeostatic system, the introduc-

tion of a perturbing reagent is likely to
create risks as well as benefits. Never-
theless, with a rational program focusing
on molecular specificity, we can hope to
minimize the former and maximize the
latter.
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Producer Gas Engines in Villages
of Less-Developed Countries

Rathin Datta and Gautam S. Dutt

Access to mechanical power is needed
in the villages of less-developed coun-
tries (LDC’s) for lift irrigation, plough-
ing, threshing, transportation, and other
uses. Traditionally, people in LDC’s

countries. For example, in India 20 giga-
joules are needed to produce 1 metric ton
of rice, compared to 6.5 GJ to produce
the same crop in Japan and the United
States (/). However, Japanese and U.S.

Summary. Producer gas engines could have an important role in the decentralized
production of mechanical energy in rural areas of less-developed countries. With this
technology mechanical energy is produced from solid fuels by use of internal
combustion engines. A comparison with other renewable energy options, on the
common basis of energy efficiency and economics, shows that producer gas engines
may have significant advantages and deserve serious attention.

have . obtained a major share of their
mechanical energy from draft animals, at
a very low overall thermal efficiency of 3
to 5 percent (/). A comparison of the
energy efficiency of agricultural produc-
tion showed that LDC’s use more energy
per unit of production than do developed
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farmers use high-quality, nonrenewable
energy sources such as petroleum and
natural gas, whereas virtually all the
energy needed by Indian farmers is de-
rived from crude agricultural residues
and other biomass.

Until recently, some farmers could
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increase their energy efficiency through
the use of petroleum-based machinery.
As petroleum becomes more expensive
and less readily available, this option
becomes less attractive. Fossil fuel-poor
LDC’s must therefore seek to increase
the energy efficiency of using renewable
energy resources such as wood, crop
residues, dung, and solar radiation. Giv-
en their constraints of capital, the diffuse
nature of the resources, and lack of
technology and know-how, this is not an
easy task. For example, photovoltaic
power generation is not economically
feasible with current technology. Wind
power and hydropower are site-specific
and generally limited to stationary appli-
cations. Production of methanol and eth-
anol from biomass is still energy-ineffi-
cient and capital-intensive. Small steam
engines have low efficiency (<10 per-
cent). Stirling engines need a major de-
velopment effort to make them cost-
effective. v

By contrast, the producer gas engine,
which is an internal combustion (IC)
engine, has several advantages. It can
run on solid fuels such as wood, straw,
and other crop residues; it has a moder-
ately high engine efficiency (20 to 30
percent), a low cost, and is easily adapt-
able to existing IC engines. Moreover,
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