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SUMMARY

To examine in detail a class of peptides that inhibit the polymerization of deoxyhemo-
globin S, we assayed the L-amino acids and 22 dipeptides for their effect on deoxyhemo-
globin S solubility. Of the amino acids, the aromatics (phenylalanine, tyrosine, and
tryptophan) significantly increased deoxyhemoglobin S solubility, as did high concentra-
tions of arginine. Combinations of the hydrophobic (specifically the aromatic) amino
acids with a hydrophilic amino acid, such- as arginine or lysine, resulted in dipeptides
which were much more soluble than the hydrophobic or aromatic amino acid alone, and
also inhibited polymerization. Furthermore, samples of deoxyhemoglobin S at 26 to 27
g/dl containing some of these dipeptides such as Arg-Trp, Arg-Phe, and Lys-Trp in
excess of 50 to 100 mM did not polymerize, indicating a 1.4- to 1.6-fold increase in
deoxyhemoglobin S solubility. The enhancement of polymerization, i.e., decrease in
deoxyhemoglobin S solubility, observed by the addition of aspartic acid, glycine, or lysine
was observed or was reduced in the dipeptides containing these hydrophilic amino acids
combined with hydrophobic amino acids (valine, leucine, isoleucine, or the aromatic
amino acids). The effects of these dipeptides on deoxyhemoglobin S solubility were
mostly linear with concentration. However, the changes in deoxyhemoglobin S solubility
by addition of a dipeptide was not simply the sum of the effects observed with the
individual amino acids as exemplified by the differential effect of reversing the dipeptide
sequence (e.g., Arg-Phe and Phe-Arg, or Arg-Tyr and Tyr-Arg). These data provide
further evidence as to the stereospecific nature of this class of noncovalent inhibitors of

deoxyhemoglobin S polymerization.

INTRODUCTION

The substitution of valine for glutamic acid in the 86-
position of sickle hemoglobin results in a reduction of
the solubility of hemoglobin S solution to 17 g/dl upon
deoxygenation under physiological conditions (1). In SS
erythrocytes (cells from individuals homozygous for the
sickle cell gene), in which the mean intracellular hemo-
globin concentration is about 34 g/dl, the low solubility
of deoxyhemoglobin S causes hemoglobin S gelation or
polymer formation upon deoxygenation (2). In order to
examine the intermolecular contacts of the hemoglobin
S polymer, Wishner et al. (3) solved at 5-A resolution a
crystal structure of deoxyhemoglobin S and identified
the relevant feature related to hemoglobin S gelation as
paired “strands” of deoxyhemoglobin S tetramers. Sev-
eral studies using electron microscopy and X-ray fiber
diffraction have utilized this information to predict the
fiber structure of the deoxyhemoglobin S gel or polymer
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and the detailed orientation of the hemoglobin S tetra-
mers (4-6).

We have used the structural information derived from
X-ray crystallography and electron microscopy in an
effort to design noncovalent inhibitors of deoxyhemoglo-
bin S polymer formation. Specifically, we are examining
the ability of small peptides to interfere with the inter-
molecular binding between two tetramers. These studies
began with our discovery that aromatic amino acids could
inhibit deoxyhemoglobin S polymer formation (7, 8).
However, an aromatic group alone was not sufficient to
increase maximally the deoxyhemoglobin S solubility.
Ross and Subramanian (9) and Behe and Englander (10)
examined a number of aromatic compounds, while
Poillon and Kim (11) and our laboratory (12) continued
to study a number of derivatives of amino acids. As
proposed by Ross and Subramanian (9), this class of
noncovalent inhibitors may be acting in a stereospecific
manner by interfering with the intermolecular contact
in the regions of 373(Asp), #85(Phe), and 388(Leu) on
one hemoglobin tetramer and in the region of 84(Thr)
and B6(Val) on an adjacent tetramer.

Kubota and Yang (13) initially studied peptides which
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might mimic the intermolecular binding site in the region
of 86(Val) as potential inhibitors of gelation. However, a
number of peptides from the amino-terminal region of
the B-chain of hemoglobin S (81-12) that we tested
enhanced gelation (8), possibly as a result of an excluded
volume (nonideality) effect of these peptides in concen-
trated hemoglobin solutions (the activity coefficient of
hemoglobin at 34 g/dl is about 50) (2). Gorecki et al. (14)
examined a number of small peptides and found that
some of those containing L-Phe or L-Trp could indeed
inhibit gelation. Most recently, Franklin et al. (15) re-
ported on the ability of L-Lys-L-Phe to inhibit gelation.
To define further this class of noncovalent inhibitors of
gelation, we now report on a systematic study of 22
dipeptides. We examine the possibility of increasing the
effectiveness of these inhibitors by combining a hydro-
phobic amino acid with a hydrophilic amino acid. The
increased solubility of some of these dipeptides relative
to the aromatic amino acid alone permits a more detailed
examination of the inhibition of gelation by these com-
pounds. These studies also enable us to examine the
stereospecific nature of binding more explicitly.

MATERIALS AND METHODS

Chromatographically pure hemoglobin S was prepared from SS
erythrocytes, washed three times in saline, and lysed in 10 times the
volume of distilled water. The hemolysate was dialyzed against 0.05 M
Tris-HCI, pH 8.2, with 1 mM EDTA. Hemoglobin S was isolated using
a DEAE-Sephacel (Pharmacia) column with a 0.05 M Tris-HCI, 1 mM
EDTA buffer (16). The pH gradient ranged from 8.2 to 7.6. The purity
of hemoglobin S was confirmed by isoelectric focusing on a polyacryl-
amide gel. Hemoglobin S was concentrated by ultrafiltration and vac-
uum dialysis to 30 g/dl and dialyzed against 0.15 M potassium phos-
phate buffer, pH 7.3. The amino acids were obtained from Calbiochem
(L forms were used in this study). The dipeptide Lys-Leu was obtained
from Sigma and the remaining dipeptides were from Vega Biochemi-
cals. All amino acids and dipeptides were the L-isomers. Stock solutions
of each of the compounds to be tested were made. The solubility assay
developed by Hofrichter et al. (17) was used to determine the effect of
these dipeptides on deoxyhemoglobin S gelation. Concentrated hemo-
globin S, buffer, and the additive to be tested were loaded into 5-mm
quartz tubes (Wilmad PQ 701) and kept on ice. Under a nitrogen
atmosphere, an ice-cold solution of sodium dithionite (Vine Chemicals,
Manchester, England) was added (0.05 M final concentration) to deox-
ygenate the samples. The tubes were capped and rapidly mixed. The
caps were painted with Glyptol (General Electric) to keep them imper-
meable to oxygen. To mix, the samples were stored under nitrogen and
slowly rotated for 16 hr at 5°. The samples were then incubated at 30°
to induce gelation. After gelation of the sample, the tubes were spun in
the ultracentrifuge at 100,000 X g for 3 hr. The total hemoglobin
concentration of the sample before gelation and of the supernatant
after the ultracentrifugation was determined from the near infrared
spectrum using the wavelengths at 1090 and 910 nm. Alternatively, the
supernatant concentration was also determined by opening the sample
tubes and using a cyanomethemoglobin conversion and optical density
at 540 nm. At least two control samples (without additive) were
included in each ultracentrifugation spin.

RESULTS

In earlier reports, we examined the effect of amino
acids on gelation of deoxyhemoglobin S (7, 8). At 16 mM,
only the aromatic amino acids (either L- or D-) signifi-
cantly increased deoxyhemoglobin S solubility. We have
now extended the concentration range tested of some of
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the amino acids (all L-isomers), tryptophan, phenylala-
nine, arginine, leucine, isoleucine, valine, lysine, glycine,
and aspartic acid, as reference values for understanding
the effects of dipeptides on gelation. The data for these
amino acids are illustrated in Fig. 1. The solubility for
31 control samples was 17.2 + 0.5 g/dl.

As reported in our earlier work (8), tryptophan and
phenylalanine had the greatest effect in increasing deox-
yhemoglobin S solubility (tryptophan at 7 mM increases
the solubility by a factor of 1.06 and phenylalanine at 32
mM by 1.13) as shown in Fig. 1. Surprisingly, high
concentrations of arginine (100 mM) could increase the
solubility by a factor of about 1.15 (about three times the
concentration of phenylalanine required for an analogous
effect). Leucine, isoleucine, and valine had very small
effects on solubility with the solubility the greatest in
the presence of leucine and least in the presence of valine
(the concentrations assayed were limited by the solubility
of the amino acids). In contrast, lysine, glycine, and
aspartic acid decreased deoxyhemoglobin S solubility.

The dipeptides we studied were combinations of the
relatively hydrophilic amino acids (Arg, Lys, Gly, and
Asp) with the hydrophobic amino acids (Trp, Tyr, Phe,
Leu, Ile, and Val). The results for the arginyl dipeptides
are shown in Fig. 2. For Arg-Trp, Arg-Tyr, and Arg-Phe,
the increase in deoxyhemoglobin S solubility appears to
be slightly greater than the aromatic amino acid alone
(less than 10% greater). However, this effect is not simply
the addition of the effect of each amino acid alone. The
combination of aromatic amino acids with arginine ren-
ders them much more soluble in aqueous solution. Fur-
thermore, samples of Arg-Trp, Arg-Tyr, and Arg-Phe
assayed at 50, 75, and 75 mM, respectively (deoxyhemo-
globin S at 26 to 27 g/dl), resulted in samples that did
not gel even after 24 hr at 30°. Combinations of Ile and
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FIG. 1. The amino acid concentration versus the solubility ratio

The solubility ratio represents the effect of an additive on deoxy-
hemoglobin S solubility and is given by the solubility of deoxyhemoglo-
bin S in the presence of the additive divided by the control solubility.
A gelation inhibitor increases the solubility and gives values greater
than 1. A gelation enhancer decreases the solubility and gives values
less than 1. O, Trp; O, Phe; O, Arg; A, Leu; X, Ile; A, Val; @, Lys; ©,
Gly; B, Asp.
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F1G. 2. Arg dipeptide concentration versus the solubility ratio (see
Fig. 1)

X, Arg-Trp; O, Arg-Tyr; [, Arg-Phe; O, Tyr-Arg; B, Phe-Arg; O,
Arg-Leu; @, Leu-Arg; A, Arg-lle; A, Arg-Val.
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FI1G. 3. Lys dipeptide concentration versus the solubility ratio (see
Fig. 1)

O, Lys-Tyr; A, Lys-Phe; O, Tyr-Lys; X, Lys-Leu; ¢, Lys-Ile; O3, Lys-
Val; B, Val-Lys.

Val with arginine increased the effect on solubility com-
pared to that of arginine alone. The order of the modify-
ing effect (Arg-Leu > Arg-Ile > Arg-Val) is the same as
the order of the solubility of deoxyhemoglobin S with
only hydrophobic amino acids present (Leu > Ile > Val).

The results for the lysyl dipeptides are shown in Fig.
3. In contrast to arginine, lysine decreases deoxyhemo-
globin S solubility and the lysine dipeptides were less
effective than the arginine dipeptides in increasing deox-
yhemoglobin S solubility. Lys-Tyr and Lys-Phe in-
creased deoxyhemoglobin S solubility to the same extent
as tyrosine and phenylalanine alone. The hydrophilic
nature of lysine enabled us to examine Lys-Leu, Lys-Ile,
and Lys-Val at concentrations much higher than Leu,
Ile, or Val alone. At low concentrations, Lys-Leu, Lys-
Ile, and Lys-Val had no effect or had a much smaller
effect on reducing deoxyhemoglobin S solubility as com-
pared to lysine alone. At high concentrations (>100 mM),

Lys-Leu (and possibly Lys-Ile) increased deoxyhemoglo-
bin S solubility. This result may be attributed to the
presence of Leu alone, but is difficult to determine due
to the limited solubility of free leucine.

The results for the glycyl dipeptides and aspartyl di-
peptides are illustrated in Fig. 4. Gly-Phe and Asp-Phe
increased deoxyhemoglobin S solubility to the same ex-
tent as the effect of phenylalanine alone and Lys-Phe.
Asp-Leu and Asp-Val exhibited limited solubility and
little or no effects at low concentrations. At the maximal
concentrations tested, Asp-Leu (40 mM) increased deox-
yhemoglobin S solubility by a factor of 1.07. Gly-Val and
Gly-Ile were more soluble than valine or isoleucine alone.
Both dipeptides reduced the effect of glycine alone on
decreasing deoxyhemoglobin S solubility. In fact, Gly-Ile
at 120 mM increased the solubility by a factor of 1.13.
This may reflect the effect of isoleucine alone, but again
this is difficult to determine because of the limited solu-
bility of free isoleucine.

The effectiveness of these dipeptides and amino acids
appears generally to be linear with concentration. In
order to facilitate comparison among the various dipep-
tides, we used a linear regression analysis of the data
[(solubility ratio) = 1 + slope X additive concentration]
and designated the slope as a relative index of effective-
ness (Table 1). A positive, negative, or zero slope is
obtained for compounds which increase, decrease, or
have no effect on deoxyhemoglobin S solubility, respec-
tively. By this analysis (Table 1), tryptophan (m = 8.5/
M) is 2-fold more effective than phenylalanine (m = 4.1/
M) while arginine (m = 1.3/M), leucine (m = 1.1/M), and
isoleucine (m = 0.9/M) are much less effective by a factor
of 4 or more. The negative slopes for lysine, glycine, and
aspartic acid explicitly demonstrate an increasing
tendency for these amino acids to enhance gelation.

The values of the slopes for the aromatic dipeptides
are similar to those observed for the single aromatic
amino acids (tryptophan and phenylalanine) and are
between 3/M and 8/M. The slopes for the nonaromatic
dipeptides are between —0.3/M and 2.5/M, less than the
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F1G. 4. Gly or Asp dipeptide concentration versus the solubility ratio
(see Fig. 1)
O, Gly-Phe; B, Asp-Phe; O, Asp-Leu; %, Gly-Ile; A, Asp-Val; A, Gly-
Val.
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TABLE 1
Slopes of effect on deoxyhemoglobin S solubility
Amino acid m(1/M)*

Trp 8.5

Phe 4.1

Arg 1.3

Leu 1.1

Ile 0.9

Val -0.2

Lys —-0.4

Gly -0.7

Asp -1.0

Aromatic dipeptides
Arg-Trp 7.3
Arg-Tyr 5.4
Tyr-Arg® 3.7
Arg-Phe 48
Phe-Arg® 3.4
Lys-Tyr 5.0
Tyr-Lys® 3.2
Lys-Phe 3.7
Gly-Phe 5.1
Asp-Phe 3.7
Nonaromatic dipeptide

Arg-Leu 2.5
Leu-Arg® 1.8
Arg-Val 14
Lys-Leu 0.5
Lys-Ile 0.3
Lys-Val -0.2
Val-Lys® -0.3
Gly-Ile 1.3
Gly-Val 0.0
Asp-Leu 2.0
Asp-Val NCe

2 The slope m is determined by fitting the data to the form (solubility
ratio = 1 + m X additive molar concentration) and is in units of (1/M).

®The hydrophobic-hydrophilic dipeptide (reversing the amino acid
sequence) is indicated in italics directly below the original hydrophilic-
hydrophobic sequence.

¢ Asp-Val deviated the most from the linear behavior described in
footnote a, and the slope value for this dipeptide was not calculated
(NC).

values for the aromatic dipeptides but greater than the
values observed for lysine, glycine, or aspartic acid alone.
(That is, these dipeptides have a reduced potential to
enhance gelation.)

DISCUSSION

The aromatic amino acids, particularly Phe and Trp,
are among the most effective noncovalent inhibitors of
deoxyhemoglobin S gelation (8). The other hydrophobic
amino acids, Leu and Ile but not Val, also exhibited a
small inhibitory effect on polymerization. Unlike the
other hydrophilic amino acids (Asp, Lys, and Glu) which
enhanced gelation, Arg also inhibited gelation. The man-
ner in which Arg interacts with the deoxyhemoglobin S
molecule to inhibit gelation is unclear but it is unlikely
that the hydrophobic interaction proposed for Phe and
Trp would be relevant for such a hydrophilic amino acid.
The enhancement of gelation by Lys, Asp, Gly, several
other amino acids, and oligopeptides that we previously
reported may be a solvent-mediated or salting out phe-
nomenon (18). Enhancement of gelation by Lys, Asp,
and Gly appears to be minimized or eliminated when
these amino acids are combined with Leu or Ile. Fur-
thermore, the large inhibitory effect on gelation of Phe
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alone appears unaffected when combined with Lys, Asp,
or Gly. In general, the mechanism responsible for the
decrease in deoxyhemoglobin S solubility by Lys, Asp, or
Gly is less evident when these amino acids are incorpo-
rated into dipeptides.

The combination of a hydrophilic amino acid (Arg,
Lys, or Asp) with a hydrophobic amino acid (Phe, Trp,
Tyr, Leu, or Ile) results in a dipeptide with greater
solubility than the hydrophobic amino acid alone. The
results for the dipeptides containing Tyr are particularly
interesting in view of the limited solubility of Tyr alone.
As indicated in Figs. 1-3 and Table 1, dipeptides con-
taining Trp or Phe inhibited gelation with Arg-Trp >
Arg-Tyr > Arg-Phe and Lys-Tyr > Lys-Phe in order of
effectiveness. This indicates that the order of the effec-
tiveness of the hydrophobic amino acids alone is most
likely Trp > Tyr > Phe. The dipeptides containing Arg
were more effective in inhibiting gelation than the Lys
or Asp dipeptides relating to the inhibitory potential of
Arg alone. However, the increase in deoxyhemoglobin S
solubility of Arg-Phe and Arg-Trp is less than the sum
of the relative increase of each amino acid alone, indi-
cating that the inhibition of gelation by the dipeptides is
not simply additive. Gorecki et al. (14) examined several
peptides and concluded that the hydrophobicity of the
side chains is the predominant factor in determining the
inhibitor potential of a peptide. While this would explain
much of our results with the Phe, Trp, Tyr, Leu, and Ile
dipeptides, the unusual results obtained with Arg would
indicate that, at least under certain circumstances,
charge-related interactions appear to be involved.

The stereospecificity of the interaction between these
dipeptides and deoxyhemoglobin S was examined using
the reverse sequence of several dipeptides. We found that
the sequence of hydrophilic-hydrophobic dipeptides was
more effective in inhibiting gelation than the respective
reverse sequence. Specifically, the inhibitory potentials
of the dipeptides were Arg-Tyr > Phe-Arg and Arg-Leu
> Leu-Arg (Fig. 2) and Lys-Tyr > Tyr-Arg (Fig. 3). [We
also observed that both Val-Lys and Lys-Val had little
effect or decreased deoxyhemoglobin S solubility (Fig.
3).] These results support the hypothesis that the mech-
anism of action of these noncovalent inhibitors of gela-
tion is stereospecific in nature. Recently, Franklin et al.
(15) reported on the inhibition of gelation by Lys-Phe.
The dramatic increase in solubility reported for Lys-Phe
in comparison to Phe or Phe-Lys appears to be consistent
with results presented here that the effectiveness of Arg-
Tyr, Arg-Phe, and Lys-Tyr is greater than the reverse
sequence.

While Phe and Lys-Phe have been demonstrated to be
taken up by the erythrocyte (15), this process is slow and
reversible. Lipid vesicles loaded with Phe have been used
to further increase the intracellular concentration of Phe
by fusing such vesicles with the erythrocyte (19, 20).
However, the leaking out of Phe from the erythrocyte
remains a difficult problem. Gorecki et al. (21) have
examined the effect of chemical modification of Phe to
improve erythrocyte uptake. Although phenylalanine-
benzyl ester is readily incorporated into the erythrocyte,
probably binding to the membrane, it does not have any
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effect on deoxyhemoglobin S solubility and causes he-
molysis. Several techniques have been employed to de-
termine specific binding sites. Abraham et al. (22) have
been examining the binding using X-ray crystallographic
techniques (however, no single binding site for either
phenylalanine, Lys-Tyr, or Arg-Tyr has yet been deter-
mined in crystals of hemoglobin grown in the presence
of these inhibitors). Spin label-induced nuclear magnetic
relaxation studies of phenylalanine and hemoglobin in-
dicate phenylalanine binds weakly, and possibly in the
region around 385(Phe), 388(Leu), 3891(Leu), or a seg-
ment of the 8-heme porphyrin ring (23). Proton nuclear
magnetic resonance spectroscopy data further suggest
that phenylalanine and tryptophan have a binding site
in the region of 86(Val) on hemoglobin S (which is not
present on hemoglobin A) and in the region of the heme
pockets of the a- and 8-chains on both hemoglobins A
and S (24).

As demonstrated here, dipeptides represent an effec-

tive class of noncovalent inhibitors of deoxyhemoglobin
S polymerization. Addition of Arg-Trp, Arg-Phe, and
Lys-Trp in excess of 50 to 100 mM can increase deoxy-
hemoglobin S solubility by 1.4- to 1.6-fold, equivalent to
the increase in deoxyhemoglobin solubility observed for
the clinically benign sickle trait condition (25, 26). Un-
derscoring the stereospecific nature of this interaction is
the fact that reversing the order of the amino acids in
some of these dipeptides can reduce its inhibitory poten-
tial. However, the therapeutic utility of these compounds
is at present limited by the high concentrations required
and the lack of specific and irreversible uptake into the
red cell.
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