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We have studied the variations of twist and bend in sickle hemoglobin
fibers. We find that these variations are consistent with an origin in
equilibrium thermal fluctuations, which allows us to estimate the bending
and torsional rigidities and effective corresponding material moduli. We
measure bending by electron microscopy of frozen hydrated fibers and find
that the bending persistence length, a measure of the length of fiber
required before it starts to be significantly bent due to thermal fluctuations,
is 130 um, somewhat shorter than that previously reported using light
microscopy. The torsional persistence length, obtained by re-analysis of
previously published experiments, is found to be only 2.5 um. Strikingly
this means that the corresponding torsional rigidity of the f1bers is only
6X10~* Jm, much less than their bending rigidity of 5X10~>J m. For
(normal) isotropic materials, one would instead expect these to be similar.
Thus, we present the first quantitative evidence of a very significant
material anisotropy in sickle hemoglobin fibers, as might arise from the
difference between axial and lateral contacts within the fiber. We suggest
that the relative softness of the fiber with respect to twist deformation
contributes to the metastability of HbS fibers: HbS double strands are
twisted in the fiber but not in the equilibrium crystalline state. Our
measurements inform a theoretical model of the thermodynamic stability
of fibers that takes account of both bending and extension/compression of
hemoglobin (double) strands within the fiber.

© 2006 Elsevier Ltd. All rights reserved.
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Introduction

mean radius of approximately 110 A and a_mean
helical pitch length of approximately 2700 A. The

The intracellular polymerization of deoxysickle
cell hemoglobin (HbS, 6 glu— val) to form rod-like
fibers is a primary cause of sickle cell anemia. The
symptoms of the disease arise because cells contain-
ing fibers are rigid and pass through the capillary
circulation with difficulty. Consequently, sickled
cells may occlude the small capillaries causing local
tissue destructlon and extreme pain. Electron
microscopy' ™ and crystal X-ray diffraction”” have
established that the fiber consists of 14 strands of
hemoglobin molecules twisted about a common
axis with a pitch of about 2700 A. The resulting
helical fiber has a cross-section that is slightly
elliptical (having an eccentricity of about 1.2) with a

Abbreviations used: DIC, differential interference
contrast; HbS, deoxysickle cell hemoglobin.
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fibers grow to indefinite lengths, often tens of
microns or longer. In addition to the damage arising
as a direct result of red blood cell rigidification,
there is now evidence that fiber assembly may now
have a pathological effect on membrane function
and ion balance.®

Ultimately, the pathology of the disease is
controlled by the fibers that make the red cells
rigid. This is, in turn, related to the mechanical
properties of fibers, such as their intrinsic stiffness.
The primary goal of the present study is to
determine these mechanical properties. Ultimately,
we would wish to be able to relate them to the bulk
properties of HbS gels and sickled red cells. In
particular, HbS gels may admit various torsional
deformation modes and a knowledge of the
torsional rigidity is therefore desirable to fully
understand the mechanics and rheology of the gel.
Additionally, we seek information on the unre-
solved issue of how and why HbS fibers form’

0022-2836/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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rather than crystals since the fibers” spontaneous
conversion to crystals implies that crystals are the
more stable species.'®* The fact that we find that
fibers are very soft with respect to twist defor-
mation may provide a clue to understanding the
transformation from helical polymers to fascicles
and crystals.

Here we report on a study of the mechanics of
fiber bending and twisting. Variations in bending
and twisting are related to the relevant rigidities by
utilizing elastic theory and the principle of equi-
partition of energy, which describes how all
possible fluctuations are excited at thermal equili-
brium."”” This general approach has yielded the
mechanical properties of several fluctuating bio-
logical structures'®'® such as microtubules, actin
and clathrin nets.

Bending fluctuations of HbS fibers have recently
been observed by differential interference contrast
(DIC) light microscopy.18 The fluctuations can be
easily observed using video microscopy and have
correlation times of the order of seconds for fibers in
the 10-20 pm size rangef. In this previous study, it
was concluded that HbS fibers have a statistical
persistence length of [, =240 pm, corresponding to
a rigidity of k=1.0X10"* N'm*. These quantities
are, respectively, the “stiffness” length over which
fiber orientation become uncorrelated due to
thermal bending'® and the constant relating stored
energy per unit length to half the squared
curvature® (analogous to the spring constant of a
Hookian spring).

This earlier study did have certain limitations.
In particular, since the DIC light microscope
images were diffraction broadened, there was
insufficient optical resolution for a reliable deter-
mination of whether single fibers or tight bundles
of multiple fibers were present. Indeed there was
quite strong evidence that fiber bundles were
often present. Single fiber properties were inferred
by suitable extrapolation. It was also not possible
to study variations in fiber pitch because the
optical resolution was inadequate to image the
periodic variation in appearance that allows
the pitch to be determined; the fibers appeared
as featureless cylinders. In the present work, we
overcome these limitations and report on a study
of the fluctuations of individual frozen hydrated
fibers by electron microscopy. Although indi-
vidual fibers are frozen and immobile, viewing
an ensemble of such fibers is equivalent to
following the temporal variations of a single
fiber. The electron micrographs have sufficient
resolution to differentiate between individual
fibers and bundles and to provide information
on their helical pitch (twist).

Twisting and bending generate quite different
internal strains in a fiber. For small deformations

T The longest correlation time is expected to be much
shorter for the ~1 um fibers of interest here, varying like
the fourth power of their length."

bending involves pure axial extension/compression
while twisting involves pure axial shear.® By
studying both we will obtain two independent
probes of the mechanical properties of the fiber.

Bending Fluctuations

Information on the mechanical properties of HbS
fibers can be obtained by studying their bending
fluctuations. With this goal in mind, we studied
frozen hydrated HbS fibers imaged by electron
microscopy (see Table 1). We quantify the bending
of each fiber by du, the projection onto the focal
plane of the normal deviation of its midpoint from
the straight line joining its ends (see Figure 1). This
is a quantitative measure of bending in so far as it
can be related to the fiber rigidity «, and hence the
persistence length I,=«/kgT"" (ks is Boltzmann’s
constant and T the absolute (lab) temperature).
These quantities are, respectively, the constant
relating stored energy per unit length to half the
squared curvature” (analogous to the spring
constant of a Hookian spring) and the “stiffness”
length over which fiber orientations become
uncorrelated due to thermal bending.

Table 1. The length and normal deviation at midpoint of
each HbS fiber studied

Deviation at midpoint du

Fiber number (nm) Length L (um)
1 —11.1 0.94
2 71 1.09
3 7.1 0.72
4 4.0 0.74
5 —10.2 0.98
6 4.6 0.93
7 21.9 1.09
8 —22.2 1.23
9 —8.0 1.19
10 1.5 0.71
11 —49 1.16
12 10.4 1.29
13 0.0 1.49
14 24.0 0.95
15 —26.9 1.17
16 15.8 1.15
17 —25.7 1.16
18 29.9 1.49
19 12.7 0.99
20 48 0.37
21 —1.6 1.00
22 2.2 1.60
23 21.3 1.20
24 16.3 1.11
25 19.1 1.11
26 —13.6 1.39
27 —125 1.21
28 —5.2 0.83
29 7.8 1.14
30 —6.8 1.37
31 21.3 1.44

The average length of the fibers is (L}=1.10 um. The fiber
deviations are drawn from a distribution with zero mean and

have a root mean squared magnitude \/{3u?) = 14.9 nm.
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Figure 1. Electron micrograph of a typical frozen
hydrated HbS fiber. The scale bar represents 0.2 pm. The
fiber is measurably bent with an 11.1 nm normal
deviation at midpoint. The thickest parts of the fiber are
separated by half a pitch length A and are indicated by
arrows. The distances between the indicated points along
the fiber (from left to right) are 138 nm, 143 nm, 137 nm,
151 nm and 140 nm.

The bending energy H is related to k as described
above:

H=- JC(z) dz M

where z is the axial distance along the fiber and C its
local curvature. The temperature prior to freezing
(room temperature) determines the magnitude of
the fluctuations since the fibers are frozen and
immobilized extremely rapidly. In what follows it is
convenient to define the rescaled fiber deviation at
midpoint to be:

4+/3

Au = LT\//; du 2)
where L is the length of the fiber. Although not
explicitly stated in an earlier study,'® thermal
bending fluctuations drive Au to be distributed as a
Gaussian random variable, i.e. with normal pro-
bability distribution. Furthermore, the distribution
must have mean squared amplitude (variance) 1/1,,.
Adoptmg the notation that the average value of Au?
is (Au?) we have:

I, = 1KAu?) 3)

This is consistent with the distribution of our data
(see Figure 2). This statement can be quantified by
comparing the kurtosis, skewness and quartile
skewness of the data with data drawn from a normal
distribution with the same variance and zero mean.
This procedure allows us to conclude that the data
are consistent with a normal distribution at the 90%
confidence level.

Thus, the variation in bending of the fibers is fully
consistent with it having originated from thermal
fluctuations.

Results of analysis of bending

Elementary statistical analysis of the rescaled
fiber deviations Au (see Figure 2) yields a best

P(Au)

® o commocmecn e e o
-0.15 -0.05 0.05 0.15
Ay pm

~1/2

Figure 2. The distribution of fiber deviations is
consistent with thermal Gaussian fluctuations. The
solid disks represent the measured value of the rescaled
fiber deviation at midpoint Au=4+/3 L?3u for each
fiber. This quantifies the bending fluctuations of the
fibers and at equilibrium is predicted to be a Gaussian
random variable with mean zero and mean-squared
value (variance) {Au?)= 1/, =1/130 pm™'. A normalized
Gaussian probability dlstr1but10n P(Au) < exp[—Au?/2{Au?)]
is shown (continuous curve) together with a histogram of
the data. Given that each fiber is subject to an arbitrary
rotation, and hence choice of sign of Au, the data are
drawn from a distribution with zero mean.

estimate of [, from equation (3):

l,=130pm  k=52X10°Nm’> (4
We compute the > confidence intervals at the
90% level to be 81 pm </, <191 pm and 3.2X10~ »
Nm?<k<7.7X10"%* N'm? This confidence inter-
val overlaps with an earlier estimate of the bending
rigidity'® which has a corresponding %> confidence
interval at the 90% level of 184 um <[, <278 pum.
Under the assumption that the fiber s made up of
a uniform elastic medium the extensional modulus
of the material E can be obtained from E=
4] kT/(’Ttbzbz) where by and b, are the semimajor
and semiminor axes of the elhptlcal Cross- -section.
Using the consensus literature values®'** b; =120 A
and b,=95 A we thereby obtain an estimate of the
extensional modulus of the fiber material E=
51 MPa.

Twist Fluctuations

As discussed above, HbS fibers are known to be
helical, with an average pitch length of approxi-
mately 2A=2700 A. Thus, in the absence of any
variations in twist, the elliptical shape of the fiber
cross-section rotates through an angle of = radians
(180°) over one half pitch length A of the fiber. In
this case, the torsional elastic energy stored in a
helical fiber is zero. We can express this mathe-
matically as 9% =7/A where the orientation of the
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fiber cross-section 6(x) is a function of its position
along the fiber, here taken to define the x-axis.

In order to understand the stored elastic energy
due to variations in local twist we define the local
“overtwist:”

de =
“dx ©)

x A
which can be either positive (overtwist) or negative

(undertwist).

The elastic energy stored in a homogenous fiber
when it is subject to variations in twist involves this
overtwist. We propose that it is well approximated

by:
Hzéj((x) +12<d;> )dx 6)

where the integral is over the entire length of the
fiber and c is a torsional rigidity which controls the
stiffness of the fiber with respect to twisting motion.
For [=0 this expression reduces to a version of
Hooke’s law, which states that stored energy is
proportional to the squared strain, up to a trivial
identification of strain with the overtwist, rather
than actual twist. In fact, [ is always non-zero and is
the range of spatial correlatlons in twist, of the scale
of a few molecular repeats.? Thus, for two segments
of the fiber separated by much more than J, the local
twist at one point gives no information about the
twist at the other point.

Equation (6) represents the leading order terms in
an expansion in powers and derivatives of the twist
and remains accurate provided that the fiber can be
described as a continuous medium and the strains
are small, as we expect to be the case here. It
basically amounts to treating the deformation
modes of the fiber in the simplest possible way: as
if they were (generalized) springs with a restoring
force that is proportional to the strain. Equation (6)
is known as the Gaussian model within statistical
field theory® and several well-known results stem
from it, as we will exploit.

Torsional rigidity from data for variations
in pitch length

We aim first to show how a description of the
fiber based on equation (6) can be used to relate the
observed variations in twist per half pitch length to
the torsional rigidity c. This will then be compared
with the estimate of bending rigidity « obtained
from our analysis of bending variations. For a
uniform “isotropic” elastic medlum one would
expect these to be very similar.*® We will show
that in fact our estimates of ¢ and « differ by two
orders of magnitude as would reflect a material
with significant anlsotropy

We analyze data®** for the mean squared
deviation in half pitch length (AX*) which, for
small deviations (A2 << 22, we assert can be related

to the twist according to:

3 5 x+A x+1
(AN = (E) < [ t(x)dx' J r(x”)dx”> 7)

To understand this consider that the integrated
(total) axngular overtwist for a section of length A is
x+

A= [ ©(x)dx'. This translates to a variation in

pitch xlength of AA=AAO/m, the mean-squared
value of which is given by equation (7). By
exploiting the principle of equipartition of energy
on equation (6), equivalent to assuming local
thermodynamic equilibrium, we find that equation
(7) can be solved exactly:

3
kT [1 —a- ”)} ®)
'TC

This expression reduces to (AA%)=um when A>>1.
This result can be used to extract the torsional
rigidity from data for the variations in the pitch
length. For negatively stained fibers® it was
reported that the mean pitch length was (\)=
1349 A with variations that displayed an approxi-
mately normal distribution with root mean squared
variation /(AX2)=88 A. Similar numbers were
reported for frozen hydrated fibers** for which
(\)=1445 A and /(A2%)= 131 A. From equation (8)
(with A=(\)) we obtain estimates of the torsional
rigidity c and the torsional persistence length I, of
l.= c/kgT = 3.2 um for the negatively stained fibers®
and l —c/kBT 1.8 um for the frozen hydrated
fibers.** A simple average of these values gives:

l. = c/kgT c=60X10%Tm (9)

(AN?) =

=25 um

Discussion and Conclusions

We find that the torsional rigidity ¢=2.5kgTum
obtained from the analysis of twisting, is much
smaller than the bending rigidity k=130kgT pm
obtained from an analysis of bending variations. As
mentioned above for a uniform “isotropic” elastic
medium one would expect these to be rather
similar.

There are two possible factors that may contrib-
ute to this discrepancy and both may be present to
some extent: first, the fiber may be comprised of a
highly anisotropic elastic medium. In this case, the
axial shear response is much softer than the
extension/compression in a way that we are able
to quantify in terms of two effective moduli. This
anisotropy might be explained on the grounds that
the contacts which stabilize the double strands
(which run nearly parallel with the fiber axis) are
thought to be stronger than the inter double strand
contacts which are primarily radial.

The possibility remains that the fiber may contain
plastic-like twist deformations. These would corres-
pond to packing disorder or variations likely
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frozen-in at fiber assembly. They could therefore
reflect kinetic, rather than thermodynamic, effects.
In this case, the observed torsional variations may
not be entirely thermal in origin but might instead
reflect a torsional energy, which is anharmonic,
perhaps with more than one locally metastable
configuration. While we cannot entirely rule out the
possibility that such hypothetical plastic defor-
mations may be present we are encouraged by the
fact that a theoretical estimate for the torsional
rigidity that includes no such plastic deformations
is in extremely close agreement with the value that
we have here obtained from experimental data. This
agreement supports our assumption that the
variations are largely due to thermal variations in
(over)twist.

The sickle hemoglobin fibers which contain 14
strands are known to have different contact regions
along the axis of the fiber and in the diagonal
contacts between nearest lateral neighbors, and it is
likely the differences between these types of
contacts that give rise to the anisotropy reported
here. Our prediction that HbS fibers are extremely
soft with respect to twist deformation may be
highly significant in understanding the overall
metastability of HbS fibers. Fibers are known to be
metastable with respect to the equilibrium crystal
phase, which consists of a crystalline array of
“untwisted” double strands of HbS molecules.”
The anisotropy we report here for the first time
provides an explanation of this metastability in
terms of a correspondingly low energy cost to form
twisted bundles. In an accompanying paper,®® we
have used our estimate of the extensional modulus
to construct a model for the free energy, and hence
the thermodynamic stability, of fibers and macro-
fibers.

Methods

Fibers used for measuring bending

Fibers were dispersed on a copper electron microscope
grid before rapid freezing in liquid ethane (which
immobilizes them). To describe this in more detail a thin
layer of an aqueous solution containing fibers is layered
over the carbon film. The aqueous film is extremely thin
being only approximately twice as thick as the sickle
hemoglobin fiber itself. Some of the solution is suspended
over the holes so the fibers can be imaged without the
carbon film perturbing their structure. The grid is
plunged into liquid ethane (—170°C) at a velocity of
approximately 2 m/s. Thus, it takes 1.5 ms for the entire
grid to become immersed in the liquid ethane. However,
our interest is in suspended fibers that occupy only 1 pm
or so of the grid. A 1 pm long region would be immersed
in the liquid ethane in approximately 1.6 ps, far faster
than the ~1ms longest bending relaxation time for a
1 um length semiflexible polymer in water."’

After freezing the grids are maintained at —170 °C in
liquid nitrogen and are examined in the electron
microscope using a holder (Gatan 626 cryoholder)
which also maintains the specimen at —170°C. Only
fibers that were not touching any other fiber or object

and whose full length was contained in the micrograph
were selected for analysis. Grids were covered with a
fenestrated (holey) carbon film. Only fibers that were
suspended over the holes were selected, since only for
these fibers could one be certain that they were not
touching any other object. These criteria ensure that
only fibers suspended freely in solution were included
in our analysis. Experiments involving negatively
stained fibers lying on the carbon support film were
not used for bending measurements, since contact with
the supporting film could affect their profile. The fact
that HbS fibers have elliptical cross-sections motivates
us to study fibers with lengths much larger than one
half pitch length as the observed fluctuations of shorter
fragments may depend on their orientation on the grid.

Fibers used for measuring variations in twist

HbS fibers have an elliptical cross-section with major
and minor diameters of 25 nm and 20 nm. Consequently,
in lateral views, the particle width alternates between
25 nm and 20 nm. Because these wide and narrow regions
repeat every 180° of rotation along the length of the
particle, the average pitch of the fiber can be determined
by measuring the distance between successive wide (or
narrow) regions. Such measurements show that the
distance between narrow regions (or wide regions) varies
from fiber to fiber and along the length of individual
fibers, and have established that HbS fibers have a
variable pitch. One consequence of a variable pitch is
that the axial rotation between hemoglobin molecules
also varies. The axial rotation between HbS molecules in a
fiber has been determined.?® In those studies, fibers were
absorbed to a carbon film and negatively stained.
Negative staining will not modify the fiber twist
significantly if adherence to the carbon film does not
involve rotational forces. The similarity between results
obtained from negatively stained and frozen hydrated
fibers suggests that this is the case.
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