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ABSTRACT Possible orientations of deoxyhemoglobin
S molecules within sickle-cell fibers are delimited by
polarized absorption measurements on single sickled cells
and single crystals of deoxyhemoglobin A. The polariza-
tion ratio of cells provides a lower limit for that of an
individual fiber and, coupled with the absorption prop-
erties of the deoxyhemoglobin molecule, restricts the
orientation of the long molecular (x) axis to within 22°
of the fiber axis. Adopting the stacked ring model of Finch
et al. for the molecular positions and the additional con-
straint that at least one mutated (86) site is part of an
intermolecular contact, our optical result requires that the
true molecular dyad (y) axis pass through some part of an
adjacent molecule in the same ring. This range of orienta-
tions for the y axis is approximately perpendicular to those
described in existing models and places at least one 36 resi-
due in position to be part of a contact between molecules in
the same ring.

The deformation that accompanies the deoxygenation of
erythrocytes from patients with sickle-cell anemia is believed
to result from the aggregation of hemoglobin molecules into
an ordered phase. Crystallinity is evident from the linear
birefringence (1-6) and dichroism (7, 8), and from the fiber-
type x-ray diffraction patterns (9) of sickled cells and gels of
deoxyhemoglobin S. Electron-microscope studies (6, 8, 10-14)
indicate that the ordered phase is composed of bundles of
long straight fibers, aligned parallel to each other as in a
nematic liquid crystal. Finch et al. (8) have proposed a model
for the individual fibers (Fig. 1), which appears to be consis-
tent with both the electron-microscope and x-ray diffraction
results. In this model the fiber may be described as a micro-
tubule constructed from stacked rings of six hemoglobin
molecules, where each ring is rotated slightly relative to the
one below it. The structure can alternatively be viewed as six
intertwined helical filaments, each having about 48 hemoglo-
bin molecules per turn. If this model for the molecular posi-
tions is correct, then a knowledge of the precise molecular
orientation should define the role of the mutation sites [Glu
A3(6)g—Val] in forming intermolecular contacts within the
fiber.

Neither electron microscopy nor x-ray diffraction has pro-
vided any concrete information on the molecular orientation.
The hemoglobin molecule is a slightly elongated spheroid
of dimensions 65 X 55 X 50 A& (15). The lack of significant
shape anisotropy permits considerable freedom in packing
hemoglobin molecules into a fiber of dimensions compatible
with those found by electron microscopy and x-ray diffraction.
In contrast to the physical ellipsoid, the ellipsoid that describes
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the absorption of plane-polarized light by a hemoglobin mole-
cule is highly znisotropic (Fig. 2). One of the dimensions of
this ellipsoid (z) is considerably shorter than the other two,
and it is possible to obtain its precise orientation within the
fiber from polarized absorption measurements. Visual observa-
tions of linear birefringence (1-6) and dichroism (7, 8) show
that the x axis is more nearly parallel to the fiber axis than to
the equatorial plane. In this communication we quantitate this
result by measuring polarized absorption spectra on single
sickled cells and single crystals of deoxyhemoglobin A using
a microspectrophotometer. Our polarization data rigidly re-
strict the possible orientations of the z axis within the fiber,
thereby placing an important constraint on models for its de-
tailed structure.

OPTICAL THEORY

We shall relate the orientation of the hemoglobin molecule
within the fiber to the polarized absorption of a sickled cell
containing perfectly parallel fibers. First, we derive the optical
absorption ellipsoid of the hemoglobin molecule from the
known properties of the heme chromophore. We then express
the orientation of the hemoglobin molecule in terms of this
ellipsoid and the measured polarization ratio of the cell.
Aside from geometric considerations, both steps require only
that the interaction between hemes be negligible (17, 19-21).

The absorption ellipsoid of the hemoglobin molecule is de-
fined by three principal extinction coefficients (22). One of
these must lie along the true 2-fold axis, y. Because of the
pseudo D, (222) molecular symmetry (15), the directions of
the other two principal extinction coefficients correspond al-
most exactly to the pseudo-2-fold axes,  and z. The complete
absorption ellipsoid has not been measured at any wavelength
for deoxyhemoglobin S or A. It can, however, be reliably
calculated for the Soret band, since optical studies on single
crystals of various heme proteins show that the heme chromo-
phore behaves like a nearly perfect planar absorber for this
electronic transition (Makinen and Eaton, unpublished work)
(17-20). Thus, at Soret wavelengths we obtain the molecular
extinction coefficients by summing the squared projections of
the four porphyrin planes onto the pseudo-2-fold axes.

z- Z Sin20k

hemes

(1]

&

The angle between the normal to the porphyrin plane and the
kth molecular axis is 8; (¢ = z,y,2), and € is the solution ex-
tinction coefficient per heme. The sum runs over all four
hemes.
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F16. 1. Model of hemoglobin S fiber proposed by Finch et al.
(8). Each circle represents a single hemoglobin molecule.

To calculate the fiber extinction coefficients, we assume that
(¢) either the fiber is uniaxial, or, if it is biaxial, that the sample
under observation has uniaxial or random distribution about
the fiber axis, and that (iZ) all molecules have the same orienta-
tion with respect to the fiber axis. With these assumptions the
extinction coeflicients parallel and perpendicular to the fiber
axis are given by:

€ = E e cos2¢; and e; = %Z € Sin? ¢y [2]
k 1

where ¢y is the angle between the kth molecular axis and the
fiber axis. The measured quantity is the polarization ratio, P,
and is defined by:

P=c, /¢ = (;Gk sin? ¢k)/(2zk:€k cos? ¢y) [3]

To proceed further we must consider the relative values of
the s and anticipate the results that ¢, < ¢, < ¢; and P >
e;/e¢y. We can now determine the maximum and minimum
values for |¢,| that are consistent with a given P. The max-
imum ¢, is obtained for z constrained to the equatorial plane,
while the minimum ¢, occurs for y parallel to the equatorial
plane. The relevant expressions follow directly from Eq. 3:

2Pey — e, — €,

( — &) CP+ 1)

cos2 ¢, 08X =

2Pe, — ¢y — ¢, 4]
(e — &) 2P + 1)

Notice that ¢, depends only on the measured polarization
ratio of the cell and the relative values of the molecular extinc-
tion coefficients ¢, €, and e,.

EXPERIMENTAL

A thin layer of freshly drawn whole blood from a patient with
sickle-cell disease was sealed between closely spaced glass
coverslips using dental wax. The preparation was then set
aside at either 25°C or 37°C. Within 24 hr deoxygenation
and sickling was complete. Polarized absorption spectra on
single sickled cells were measured at room temperature on a
microspectrophotometer similar to the one described (23).
The instrument consists of a 150 W Hanovia xenon arc lamp,
tandem quartermeter Ebert grating monochromators (Jarrell
Ash) with a Glan polarizing prism mounted at the exit slit,
and a Leitz Ortholux polarizing microscope with photometric
attachment. The light is detected by a RCA 1P28 photomul-

cos? ¢,min =
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tiplier tube and Keithley 414S picoammeter. An image of a
Leitz rectangular field diaphragm made from adjustable
crossed slits was focussed on the cell by a Zeiss 100X (0.8 NA)
Ultrafluar Pol objective used as a condenser. The cell was fur-
ther masked by a pinhole stop in the image plane of the
objective, another Zeiss 100X (1.25 NA) Ultrafluar. Measuring
areas as small as 1 um? could be readily masked for transmis-
sion measurements. The absorbance was measured at each
wavelength with light polarized parallel and perpendicular
to the long axis of the cell. For the reference intensities a
clear area immediately adjacent to the cell was used. In order
to accurately reposition the cell, the translation into and out
of the measuring beam was produced by rotating the slightly
decentered microscope stage.

Crystals of human deoxyhemoglobin A were prepared (24).
These crystals are monoclinic and belong to the space group
P2, with two molecules per unit cell (24-26). They were pre-
pared for spectral measurements by washing with a deoxyge-
genated salt solution having the composition of the mother
liquor, except that sodium dithionite was substituted for fer-
rous citrate. A drop of this suspension was sealed between
glass coverslips under nitrogen. X-ray precession photography
on a large crystal from this suspension gave unit cell parameters
identical to those reported (25). Polarized absorption spectra
were measured on the (010) face, which we identified by both
the x-ray photographs and measurement of interaxial angles.
For these absorption measurements a pair of 32X Zeiss Ultra-
fluar Pol objectives (0.4 NA) was used.

Solutions of human oxyhemoglobin A and S were prepared
(24). After the final centrifugation step, the supernatant was
diluted 1:10 with distilled water and sealed under nitrogen in
an 100-um pathlength cuvette. Spontaneous deoxygenation
was complete in 2448 hr (27). Absorption spectra were mea-
sured with a Cary 14 recording spectrophotometer.

RESULTS

The experimental parameters required to determine the orien-
tation of the hemoglobin molecule within the fiber are stipu-
lated in Eq. 4. We must determine the relative magnitudes
of e, ¢, and ¢, the principal extinction coefficients of a de-
oxyhemoglobin molecule, and the value of P, the polarization
ratio of a single fiber. We use the x-ray structure of deoxy-
hemoglobin A crystals to calculate the molecular extinction
coefficients and confirm the reliability of these values from
optical measurements on identical crystals. To obtain the
polarization ratio of a single fiber, we measured the polariza-
tion ratios of a large number of sickled cells. The lack of per-
fect alignment of fibers within these cells demands that we
accept the highest measured value as a lower limit for the
true value of the polarization ratio of a single fiber.

The x-ray structure of deoxyhemoglobin A has been solved
at high resolution by L. F. Ten Eyck and A. Arnone, Cam-
bridge University. Using the orientation of the porphyrin
planes from the 2.5-A electron-density map, kindly supplied
to us by Dr. A. D. McLachlan, we have calculated the molec-
ular absorption ellipsoid of deoxyhemoglobin A using Eq. 1.
The extinction coefficients in the z,y,2 pseudo-2-fold axis
system are:

e =3/2&(088), ¢ = 3/2€(3.15), ¢ = 3/ & (3.97), [5]

and the directions of maximum and minimum absorption in
the zz plane lie within 1.5° of the z and z axes. The absorption
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Fi16. 2. Projection of molecular surface (fop) and optical
absorption ellipsoid (bottom) of the deoxyhemoglobin molecule.
The views are down the true 2-fold molecular axis, y, and the
pseudo-2-fold axes, z and 2. The rough outline of the projected
molecule is drawn from computer plots of a stick model using the
2.8- atomic coordinates of horse deoxyhemoglobin, whose
structure is very similar to that of human deoxyhemoglobin A
(16). The iron-porphyrins and 86 glutamic-acid residues are also
shown. In deoxyhemoglobin S these two residues are replaced by
valines.

ellipsoid is shown in Fig. 2 and predicts a maximum polariza-
tion ratio of P = 4.05 for a single uniaxial fiber.

To ascertain the accuracy of the calculated ellipsoid, we
measured polarized absorption spectra of single crystals of
deoxyhemoglobin A. The measurements were performed on
the (010) face of this monoclinic crystal. Monoclinic symmetry
requires that one principal absorption direction be parallel
to the b crystal axis at all wavelengths; the other two orthog-
onal directions may lie anywhere in the ac (010) plane and
may change with wavelength (22). This crystal, therefore,
provides us with the opportunity to calculate not only the
polarization ratio, but also the principal absorption directions
from the x-ray structure. Our calculated ‘absorption ellipsoid
predicts that these directions are —1.9° from the a and c*
crystal axes. We have observed that the directions of max-
imum and minimum absorption and the extinction directions
occur at —0.5 == 1° throughout the Soret band, in agreement
with the calculated values. The predicted polarization ratio
(ec*/¢g) is calculated from Eq. 5 by transforming the ellipsoid
from the z,y,2 molecular system into the a,b,c* crystal system

i Fi1c. 3. Polarized absorption
i and polarization ratio spectrum
‘35, of deoxyhemoglobin A single
. crystal on the (010) crystal face.
The upper absorption spectrum
is for incident light polarized
parallel to the c* crystal axis;
the lower spectrum for light
polarized parallel to the a
crystal axis. The polarization
ratio at each wavelength is
plotted at the top of the figure
and is defined as the ratio of the
absorbances of ¢* and a.
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and is found to be 4.2. In Fig. 3 we show the absorption and
polarization ratio spectrum in the Soret region of the (010)
face of the deoxyhemoglobin A crystal. The polarization ratio
varies through the band, reaching maximum and minimum
values of 4.5 and 3.5, respectively. The fluctuation arises
mainly from small splittings of the components of the degen-
erate Soret transition (17, 19, 20). At 430 nm, the peak of the
solution absorption spectrum, the polarization ratio is 4.15,
while the ratio of the areas under the c¢* and a-polarized
bands, integrated from 400 to 440 nm, is 3.9. We take the
average of these two values, 4.0 == 0.2, as our best estimate of
the experimentally determined Soret polarization ratio, in
essentially perfect agreement with the value predicted from
the x-ray structure.

The remaining experimental problem is the determination
of the polarization ratio, P, for a single fiber. Electron micros-
copy has revealed that optically resolvable regions exhibiting
nearly perfect parallel orientation of individual fibers exist
within sickled cells (8, 10, 13). Polarized absorption measure-
ments on such regions should thus provide a good estimate of
P. Upon microscopic examination of sickled cells, however,
one finds an extremely wide variety of morphologies and a
corresponding heterogeneity in their anisotropic optical
properties. Not only does the magnitude of the birefringence
differ markedly from cell to cell, but the extinction directions
and birefringence may depend on the position within the cell.
We attribute such positional variation to the presence of
multiple domains of aligned fibers, and discriminate against
such optically resolvable or ‘“macroscopic’’ disorder by select-
ing regions of cells for photometric measurements that show
uniform extinction. We also select cells in which the mea-
suring region shows a well-defined long axis. In this way we can
relate directions in cells to the fiber axes, since electron
micrographs (8, 10, 13) also indicate that the long axis of a
sickled cell is the preferred direction for the orientation of the
long axis of the fibers. Observations on several hundred cells
corroborate the electron micrographs by showing that when-
ever a long axis can be defined it corresponds to an extinction
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Fic. 4. Absorption spectra on about 1-um? regions of de-
oxygenated human erythrocytes. (a) Normal erythrocytes:
(filled circles) experimental points measured on a single cell;
(solid curve) spectrum of a 1 mM solution of deoxyhemoglobin A.
The solution spectrum is normalized to have the same maximum
absorbance as the cell. (b and c¢) Sickled erythrocytes: (lower
spectrum) light polarized parallel to the long axis of the cell;
(upper spectrum) light polarized perpendicular to the long axis.
(d) Isotropic spectra of deoxyhemoglobin S: (filled circles)
isotropic absorption spectrum calculated from the polarized
spectra in (b); (open circles) isotropic spectrum calculated from
(¢); (solid curves) spectra of a 1 mM deoxyhemoglobin S solution
which have been normalized to have the same maximum absor-
bance as the calculated isotropic-cell spectra.
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axis. A third criterion, necessary for accurate absorption
measurements, is that the region of the cell to be measured
have a uniform absorbance.

Fig. 4 shows absorption spectra through the Soret band on
about 1-um? regions of deoxygenated single cells. It is only the
extremely high intensity of the Soret band [€max = 133,000
M-! em~! (28)] and the unusually high chromophore con-
centration (~0.02 M) which permit accurate absorption
measurements on samples as thin as single erythrocytes
(1-8 um). The spectrum of a normal cell in Fig. 4a is in excel-
lent agreement with the solution spectrum of deoxyhemoglo-
bin A, providing an important test of the reliability of our
measurements on these small sample areas. The polarization
ratio observed for normal cells is 1.00 = 0.03, indicating no
net orientation of hemoglobin molecules in normal cells, as
expected. Polarized absorption spectra on sickled cells are
shown in Fig. 4b and ¢, together with the spectrum of the
polarization ratios. To further test the reliability of the po-
larized spectra, we compared the isotropic absorption spectra
calculated from the relation for a uniaxial system, OD = /3
(ODy; + 20D ), with those measured on a solution of de-
oxyhemoglobin S. Here again the agreement is quite good, al-
though the slight red shift (<1 nm) of the calculated spectra
may be outside our experimental error.

The spectra of the two sickled cells in Fig. 4 yield sub-
stantially different average polarization ratios. We have ob-
served a continuum of highly reproducible values for the
polarization ratio from 1 to 3; the spectrum of the polariza-
tion ratio shows the same basic features in all cells, suggesting
that there is only a single detailed structure for the fibers.}
Electron microscopy, together with our optical observations
of regions of single cells having different extinction axes, leads
to the hypothesis that the continuum of observed polarization
ratios arises principally from the variability in the degree of
alignment of fibers.} Our problem, then, is to determine the
polarization ratio on a region of a cell free from this “micro-
scopic” disorder. The approach we have taken is dictated by
the distribution of the polarization ratios (Fig. 5). We see
that the probability of finding cells with perfectly aligned
fibers is low, suggesting two possible methods for obtaining
the limiting value of P. First, we could collect data on a large
enough sample of cells to accurately characterize the high
orientation tail of the distribution. A rigorous application of
this approach would require measurements on at least 1000
cells. A more expedient method, and the one we have used,
is to search for cells with high polarization ratios and accept
the highest measured value as a lower limit for the true value
of P. Thus, extensive photometric measurements only need
be performed on a limited number of cells. We have examined
preparations of sickled cells from 10 different patients and the
highest polarization ratio we have measured is 3.0 = 0.1.§

t The fluctuation in the polarization ratio through the Soret band arises
from a splitting of the d -ate compc ts of this » — »* transition (17,
19, 20). This splitting results from interactions between the porphyrin and
its environment. We expect, therefore, that the polarization ratio spectrum
will be sensitive to differences in both the structure of the hemoglobin mole-
cule and its packing in the fiber.

1 The presence of ungelled hemoglobin, e.g., hemoglobin F (14), in the
measuring region, as well as experimental errors such as some tilting of the
long axis of the cell out of the plane perpendicular to the light beam, should
make only a minor contribution to the variability in the observed polariza-
tion ratio.

§ Convergence effects will produce a measured polarization ratio that is lower
than the true value. We have chosen not to make any theoretical corrections
to the measured values since our optical system is not ideal.
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POLARIZATION RATIO
Fie. 5. The distribution of polarization ratios in sickled cells.
Regions of sickled cells were selected by the criteria that they
exhibit a well-defined long axis, uniform extinction, and uniform
absorbance.

From our earlier results on the absorption ellipsoid of the
hemoglobin molecule (Eq. 5) and P = 3.0 = 0.1, the maximum
and minimum angles that the z molecular axis can make with
the fiber axis are (Eq. 4.) : $,™2* = 20°(42°, —4°) and ¢,™i* =
17° (+3°, —5°). The uncertainties in the ¢s include the
maximum uncertainty in both P and the calculated e, €, and
¢,. Because 3.0 is a lower limit for P, these values become upper
limits for the angles ¢,™** and ¢,™i®.

DISCUSSION

One way of preventing and treating sickle-cell disease might be
through the administration of stereospecific agents that re-
duce the tendency of hemoglobin S molecules to aggregate.
To rationally explore this possibly the detailed structure of
the sickle cell fiber, particularly the regions of intermolecular
contact, must first be established. With the present informa-
tion the only approach to this structural problem is to build
models of the fiber by assembling molecules with the known
conformation of deoxyhemoglobin A. The basic parameters of
such a model structure are the position and orientation of
the individual molecules. Our optical data require that the
angle between the x axis of the hemoglobin molecule and the
fiber axis be less than 22°. This result is independent of the
specification of the molecular positions and is of immediate
use as a test of present models for the structure of the fiber.
Thus, the molecular orientation proposed by Murayama (11)
can be ruled out, while the orientation proposed by both Finch
et al. (8) and Edelstein et al. (29) are permitted.

By eliminating 939, of the possible allowed space for the
orientation of the z axis, our optical data reduce the determi-
nation of the molecular orientation to a nearly one-dimen-
sional search (i.e., a rotation about the z axis). In order to
discuss possible intermolecular contacts, we must first specify
the molecular positions. Of the three published models for the
molecular positions (8, 11, 29) we have adopted that of Finch
et al. (8) since it is most consistent with the electron-micro-
scope and x-ray diffraction data. Finch et al. (8) further sug-
gest an approximate model for the molecular orientation in
which the true 2-fold axis (y) is radial and the z axis is parallel
or nearly parallel to the fiber axis. This model, while com-
patible with our optical result, is unattractive because it sug-
gests no specific role for the 86 mutation sites in the formation
of the fiber. The 86 residues lie on the surface of the molecule,
only a few angstroms from the zy plane (Fig. 2). The proposed
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Fic. 6. A diagram of one of the three classes of models for the
molecular orientation in the sickle-cell fiber which are permitted
by the optical results and by the additional constraint that at
least one 6 residue of each molecule be part of an intermolecular
contact. The three central rings of Fig. 1 are depicted using rough
molecular outlines taken from computer plots of stick model
projections of horse deoxyhemoglobin. Both the maximum tilt
of the z molecular axis allowed by the optical results and the
cooperating helical rotation (7.3°) of the adjacent ring are neces-
sary for the generation of an inferring contact involving a 86
residue. This molecular orientation places the other 86 residue in
position to make an ¢niraring contact.

orientation does not, therefore, permit 86 sites to be part of a
contact between molecules in the fiber; they either point out-
ward to the solvent or inward to the hollow core. Several con-
siderations indicate that at least one 86 residue is part of, or
very close to, an intermolecular contact within the fiber.
Examination of the molecular structure of deoxyhemoglobin
suggests that replacement of the glutamate at 86 with a valine
should have only a local structural effect and should not
significantly alter the overall tertiary or quaternary molec-
ular conformation (8). Furthermore, it does not appear that
the mutation site could be involved in a specific contact be-
tween fibers, since ionterﬁber spacing in cells and gels can range
from 180 to 240 A (8). Also, sickling mutants (S, Cuarlem,
Cgeorgetown) all exhibit a mutation at or near the 86 site, while
in various other surface mutants there has been no report of
sickling (11, 30). '

If we take as an additional constraint on the molecular
orientation the requirement that at least one $6 site be part
of an intermolecular contact, three classes of models are
possible: (I) one 86 site is part of an intraring contact (be-
tween adjacent molecules in the same ring) and the other g6
makes no contact; (II) both 86 sites are in (nonequivalent)
intraring contacts; and (III) one 86 site is part of an intra-
ring contact and the other is involved in an interring contact
(between molecules in adjacent rings). In all three classes not
only is there a small angle between the = molecular axis and
the fiber axis, but the y axis also passes through some part of
an adjacent molecule in the same ring. It is important to
point out that in order to form an interring contact (class III)
the maximum tilt of the z axis allowed by the optical data
must be used (Fig. 6). The formation of an ¢nterring contact
places the other 86 residue in position to make an infraring
contact. Thus, in all three classes of models a 86 residue could
play a direct role in stabilizing ¢ntraring contacts. Should more
extensive polarized absorption measurements show that the
angle between the z axis and the fiber axis is less than about
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15°, the possibility of snterring contacts (class III) involving
86 residues can be ruled out. We might conceivably find a de-
crease in the tilt of the z axis to this extent from additional
measurements on cells or on gels, where preliminary measure-
ments give maximum polarization ratios of about 2.5. The
role of the 86 mutation would then be to stabilize only intra-
ring contacts. This role is consistent with the electron-micro-
scope observation of irregularly aggregated filaments in
deoxygenated normal cells (8).
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