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appear dark in color in wide-field fluorescence images. Images in Fig. 18 b) and c¢) show
that fluorescein did not diffuse across the membrane into the erythrocytes for at least one
hour after the imprints were created on the erythrocytes. A similar result was obtained
from the sample with fluorescently labeled BSA. This shows that no fluorophore with a
size larger than 332 Da can diffuse across the membrane into erythrocytes through the

imprints and the change in intensity after the imprint formation is proven to be due to a

shift of the membrane position at the point of illumination.

Figure 18. a) DIC image of erythrocytes immediately after creating imprints on all circled erythrocytes. b)
Wide-field fluorescence image of the same erythrocytes. ¢) Wide-field fluorescence image obtained 60 min
after image a). Fluorophore concentration ~ 70 nM of fluorescein. Imprint formation was induced by a 20

uW focused laser beam.

3.4.3 Reversibility of imprint formation

The possibility of reversing the imprint formation by stopping the illumination
was investigated using a sequence of switching on and off the laser illumination during
the recording of fluorescence intensity trace on the erythrocyte. An example of intensity
trace recorded with on and off periods of 20s each is shown in Fig. 19. Various
combinations of on and off times were investigated and the corresponding imprint
formation time constants are tabulated in Table 1. By using the intensity traces obtained
for different on and off period combinations, the fluorescence intensities recorded just
before and right after the blocking of laser illumination were correlated as illustrated in

Fig. 20. A line of slope one is drawn on the graph showing that the data points are not
31



Master’s Thesis — F.H.C. Wong

biased to either side of the line.
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This result suggests that the membrane position at the

imprint does not move when the laser illumination is blocked. The scattering of the data

points might be due to the thermal fluctuations of the membrane.
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Figure 19. Intensity trace recorded on an erythrocyte membrane with a sequence of switching on and off the

laser illumination, ty, = 20 s, toz = 20 s. Laser input power = 20 uW. Fluorophore concentration ~ 350 nM

of BSA labeled with Alexa Fluor 488.
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’ Figure 20. Intensities recorded before and after the off period of the laser illumination from samples with

different combinations of on and off period time.
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Illumination Illumination Total Time Constant Number
On Period Off Period Time Constant (Off period Removed) of
(s) (s) (s) (s) Measurements
10 10 293 + 194 147 +97 6
20 20 296 = 129 156 + 60 6
100 100 591 £50 305+ 18 2
5 10 237 £ 62 8021 9
20 40 319 £ 65 106 + 22 9
20 80 363 £ 98 7319 3
5 30 557 £ 321 80 46 3

Table 1 Values of total time constants and time constants with off period removed

for different on and off illumination periods.

3.4.4 Investigation of imprint formation on the rim and on the dimple of the

erythrocytes
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Figure 21. Intensity trace recorded at the rim region and at the dimple for two different erythrocytes. Laser

input power = 15 uW. Fluorophore concentration ~ 30 nM of BSA labeled with 488 Alexa Fluor.

Since the thickness of an erythrocyte at the rim and at the dimple are different, the
ability of imprint formation induced by laser illumination was investigated at these two
regions. The intensity traces recorded on the rim and on the dimple are shown in Fig. 21
together. The result shows that only the laser illumination at the rim creates an imprint on
the erythrocyte. Laser illumination at the dimple gave a relatively constant intensity trace;
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hence, no imprint was formed at the dimple region of the erythrocyte. This might be due
to the small thickness of the dimple region of erythrocytes; therefore, a visible imprint

could not form at the dimple region.

3.4.5 Formation of two imprints on the same erythrocyte

The formation of two imprints on the rim region of the same erythrocyte was
investigated. An imprint was created at the rim region using laser illumination.
Afterward, the focused laser beam was illuminated on the opposite side of the rim region
on the same cell to create a second imprint. Two intensity traces representative of these
experiments are shown in Fig. 22. The maximum intensity for the second imprint is
lower than the first imprint suggesting that the membrane for the second imprint could not
move down the same distance as the first imprint; the depth of the second imprint was

shallower than the first one.
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Figure 22. Intensity trace of two imprints formation on the same cell. Laser input power = 20 pW.

Fluorophore concentration ~ 48 nM of BSA labeled with 488 Alexa Fluor.
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Kinetics of photohemolysis and imprint formation
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Figure 23. (Left) Average hemolysis time and time constant of imprint formation recorded for various
fluorophore concentrations. For photohemolysis, laser input power = 150 pW. For imprint formation, laser
input power = 10 pW. (Right) Average change in membrane position during the imprint formation recorded

for various fluorophore concentrations.

To determine the effect of fluorophore concentrations on photohemolysis and
imprint formation, a fixed laser input power was used. (However, different input powers
were used for the study of hemolysis and for the study of imprint formation.) The log-log
plot of the hemolysis time and the time constant associated with imprint formation on
erythrocyte of samples with various fluorophore concentrations is shown in Fig. 23. In
addition, the hemolysis time was determined to be 1120 + 27 s for sample with no
fluorophore using a 150 pW focused laser beam. The results obtained for both processes
were fitted with a simple rate equation,

Ro< C*I7 ©)
where R is the reaction rate, C is the external fluorophore concentration, I is the laser
input power (fixed in this case), and o and P are the reaction rate orders for the

concentration and the intensity respectively. The fits gave the reaction orders of
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photohemolysis and imprint formation with respect to fluorophore concentration to be a =
0.26 +0.02 and a = 0.28 + 0.04 respectively. Figure 23 also shows a semi-log plot of the
average change in membrane position during imprint formation with various fluorophore
concentrations. It shows no significant correlation between the change in membrane

position and the fluorophore concentrations.

3.5.2 Dependence on laser input power
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Figure 24. (Left) Average hemolysis time and time constant of imprint formation recorded for various laser
input powers. For photohemolysis, fluorophore concentration = 1000nM BSA labeled with Alexa Fluor 488.
Each data point was determined averaging five measurements. For imprint formation, fluorophore
concentration = 20nM BSA labeled with Alexa 488. Each data point was determined averaging nine
measurements. (Right) Average change in membrane position during the imprint formation recorded for

various laser input powers.

A fixed fluorophore concentration was used to investigate the effect of varying the
laser input power on the rate of photohemolysis and imprint formation. The log-log plots
‘of the hemolysis time and the time constant of imprint formation using various laser input
powers is shown in Fig. 24. Once again, each data set was fitted with the simple rate
equation, Eq. 6 (keeping C constant). The orders of photohemolysis gnd imprint

formation with respect to laser input power were determined to be § = 0.63 +0.02 and =
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0.62 + 0.04 respectively. The semi-log plot on Fig. 24 shows the average change in
membrane position during imprint formation with various laser input power. Again, it
suggests that there : s no significant correlation between the change in membrane position

and the laser input power.

3.5.3 Effect of pH

Furthermore:, the effect of pH on the rate of imprint formation was investigated
and the result is shown in Fig. 25. A pH range of 6.4 to 7.8 of the buffer was chosen
because the erythrocytes can maintain a normal biconcave disk shape within this pH
range. Since the uncertainties are large for all data points, the graph shows a relatively
constant trend of time constants associated with the imprint formation at different pH.
This suggests that the kinetic of imprint formation was independent of (or slightly
dependent on) pH between pH = 6.4 to 7.8.
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Figure 25. Average time constant of imprint formation recorded for a pH range of 6.4 to 7.8. Laser input
power = 20 'W. Fluorophore concentration = 20nM BSA labeled with Alexa Fluor 488.

3.5.4 Overall rat> equations

The inverse: of the hemolysis time and the time constant have been used to express
the reaction rates of the photohemolysis and imprint formation. As a result, the overall

reaction rate equation for photohemolysis was described by the expression:
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Rp - k1C0.26 10.63

On the other hand, the overall reaction rate equations of imprint formation was described
by the expression:

R =k, C**1°%

The overall rate orders for photohemolysis and imprint formation were 0.89 + 0.04 and
0.90 £ 0.06 respectively. The value of overall rate order for both photohemolysis and
imprint formation were in agreement; consequently, the photohemolysis and the imprint
formation should be highly related processes. The ratio kj/k, was determined to be
around 15. Absolute values for k; and k; can be calculated but meaningless, since I is the

laser beam intensity entering the microscope and not at the sample.

3.6 Investigation of the influence of protecting substrates against photodamage

Sodium azide can reduce protein crosslinking and it has been shown to reduce
photodamage on the erythrocyte membrane (Lepock, Thompson et al. 1978).
Dipyridamole is a band 3 ligand which inhibits anion transport; furthermore, it has been
shown to reduce the photodamage on erythrocytes in photodynamic therapy
(vanSteveninck, Trannoy et al. 2000). Two erythrocyte samples, one with 10 mM sodium
azide and the other with 100 pM dipyridamole, were prepared along with 35 nM of BSA
labeled with Alexa Fluor 488 in the sample. The hemolysis times were determined to be
12 + 1 min for the sample with sodium azide and 4.0 + 0.6 min for the sample with
dipyridamole. By comparison, the control sample with no protecting substrates against
photodamage gave 16 + 1 min for hemolysis time. These results show that not only these
two protecting substrates did not reduce photodamage in this case but instead increased

the hemolysis rate induced by focused laser beam illumination.

Another protecting substrate, ascorbic acid, was used to investigate the role of

oxygen species in the hemolysis induced by focused laser beam illumination (20 uW).
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Ascorbic acid (Vitemin C) is an oxygen scavenger which can remove molecular oxygen
and quench singlet oxygen. An erythrocyte sample with 5 mM ascorbic acid along with
250 nM of BSA labeled with Alexa Fluor 488 was prepared, and the average hemolysis
time was determinzd to be 20 + 3 min. In contrast, the average hemolysis time was
determined to be 9.0 + 0.7 min for a control sample without ascorbic acid, a rate of
photohemolysis about 2.2 times faster. This result shows that the ascorbic acid reduces
hemolysis induced by focused laser beam. Further on, we investigated the effect of the
presence of ascorbic acid on the rate of imprint formation (20 pW laser input power).
Again, the sample with 5 mM ascorbic acid along with 250 nM of fluorescently labeled
BSA was used, and the time constant of imprint formation was determined to be 1.5 + 0.6
min. On the other hand, the sample without ascorbic acid gave 0.6 + 0.3 min for the time
constant of imprint formation, so the rate of imprint formation is about 2.3 times faster.
This suggests that both the rate of photohemolysis and imprint formation do slow down in

presence of the oxygen scavenger.

3.7 Focused laser beam illumination on GUVs and HeLa cells

Giant unilamellar vesicles (GUVs) are the simplest cell model and their structure
is simpler than erythrocytes. In contrast, HeLa cells are human epithelial cells from
cervical cancer tissue and their structures are very different and more complex than
erythrocytes. The possibility of imprint formation on GUVs and HeLa cells was
investigated to fincl out whether this process is unique to the erythrocytes. Intensity traces
representative of those recorded on GUVs and HeLa cells are shown in Fig. 26 and 27
respectively, where the relative intensity is the ratio of the intensity relative to the
maximum average intensity recorded in the sample. Both are relatively constant
compared to intensity traces recorded for erythrocytes. One intensity trace recorded on
the GUV shows a sudden jump in intensity, and this might be due to a movement of the

vesicle since the intensities before and after the jump are relatively constant.
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Consequently, the result suggests that imprint formation is a process specific to the cell
structure of the erythrocytes. In addition, no lysis of GUVs or HeLa cells was observed
for around 30 minutes of laser illumination.

1.1

——Vesicle 1
——Vesicle 2
RBC

W

0.7 -
AN A VRl atvas
1 1 1 1

400 600 800
Time (sec)

Relative Intensity
e

(L]

’%

Figure 26. Relative intensity trace recorded on two GUVs (black and red lines) and an erythrocyte (green
line). Laser input power = 20 uW. Fluorophore concentration ~ 400 nM of BSA labeled with Alexa Fluor
488.

1'2 T T T T

AR it

[
s ——HeLa
r‘w 1 [——rec

=
@

Relative Intensity

)

0 1 1 1
0 200 400 600 800
Time (sec)

Figure 27. Relative intensity trace recorded on a HeLa cell (black line) and an erythrocyte (green line).
Laser input power = 20 uW. Fluorophore concentration ~ 400 nM of BSA labeled with 488 Alexa Fluor.
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3.8  Role of erythrocyte components on imprint formation

3.8.1 Imprint formation on erythrocyte ghost

To investigate the role of hemoglobin on imprint formation, resealed erythrocyte
ghosts were used since they have the same morphology as the normal erythrocyte except
that hemoglobin is absent in ghosts. An erythrocyte ghost with no external fluorophore
was illuminated with a focused laser beam on the rim region. Figure 28 shows the DIC
images of an erythrocyte ghost before and after the focused laser beam illumination. An
imprint was observed on the erythrocyte ghost membrane after the focused laser beam
illumination along with a slight cell shape alteration. This suggests that hemoglobin is

not a necessary component for imprint formation.

Figure 28. DIC images of a resealed erythrocyte ghost before laser illumination (left) and after laser

illumination (right). Laser input power = 100 yW. The sample contained no fluorophore. Scale bar = 5 um.

3.8.2 Imprint formation on spherical erythrocyte after thermal treatment

Thermal treatment of erythrocytes can remove the function of certain membrane
proteins through their thermal denaturation. Spectrin has the lowest denaturation
temperature (49°C) of all the erythrocyte membrane related proteins (Lysko, Carlson et al.
1981). To examine the role of spectrin on imprint formation, erythrocytes were heated at

49°C for 10 minutes. This produces spherical erythrocytes, where most of the spectrin is
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denatured. Afterward, fluorescein was added into the sample before focused laser beam
illumination. The images of spherical erythrocyte before and after the laser illumination
are shown on Fig. 29. An imprint was created on the spherical erythrocyte after the laser
illumination. Even though this temperature might not be sufficient to denature all the
spectrin on the erythrocyte membrane (Lysko, Carlson et al. 1981), this suggests that the
imprint could be formed on the spherical erythrocyte with the loss of spectrin. However,
the time constant of imprint formation on the temperature treated spherical erythrocytes
and normal erythrocytes were determined to be 49 + 6 s and 16 + 7 s respectively in the
sample with 13 nM of fluorescein and a 50 uW laser intensity. This suggests that the loss
of spectrin did slow down the imprint formation and that spectrin does play a role in the

imprint formation process.

Figure 29. DIC images of a spherical erythrocyte after a 49°C temperature treatment for 10 min. Images
were taken before (left) and after (right) a 10 min, focused laser beam illumination. Laser input power = 50

uW. Fluorophore concentration ~ 13 nM of fluorescein. Scale bar =5 pm.
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Chapter 4 Discussions

The progressive hemolysis investigated in this project was induced by focused
laser beam illumination on the erythrocyte membrane. The presence of fluorophores in
the illuminated sample suggested from the start that the photohemolysis was the result of
photosensitized reactions. Prior to hemolysis, an imprint develops on the membrane of
the erythrocyte at “he point of laser illumination, after which the cell turns to a sphere
with a smaller radius than a normal cell. Bloom and Webb observed the same
morphological evidence of photodamage in their studies of erythrocyte photodamage in
fluorescence photobleaching recovery experiments (Bloom and Webb 1984). In
particular, they briefly mentioned the observation of a “pucker” at the point of focused
laser beam illumination in the presence of external fluorophores; nevertheless, the cause

of the pucker was niever studied in detail.
4.1 What is the cause of the imprint?

Three possible effects can be thought of as the cause for imprint formation on the
erythrocyte membr-ane: localized intracellular thermal damage, radiation pressure force,
and photosensitized reactions. Bloom and Webb provide a localized intracellular heating
calculation at the point of laser illumination on the erythrocyte (Bloom and Webb 1984).
In the calculation, they assume that heat is generated at the point of light illumination on
the cell surface due to light absorption by hemoglobin, then dissipated into the
surrounding medivm by heat diffusion and that the temperature reaches a steady state in
microseconds. The excitation wavelength is 488 nm in this project, and the molar
extinction coefficient for hemoglobin in water at this wavelength is around 24,000 cm™'M
! (Prahl 1998). The calculated temperature shows that the maximum cellular heating of
an erythrocyte, given the laser input power used in my experiment (maximum laser input
power = 200 uW), should not exceed 3°C. This is too small to create a thermal shock that

would damage an erythrocyte since the experiments are carried at room temperature. As
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a result, the effect of the localized heating at the point of illumination on the erythrocyte
is negligible. As well, radiation pressure force created by the light illumination on the
erythrocyte is negligible in this project due to the relatively low laser input power. The
typical laser input power necessary to deform erythrocytes using the optical stretcher
effect is between 20 mW and 250 mW (Guck, Ananthakrishnan et al. 2000; Guck,
Ananthakrishnan et al. 2001). The independence of the direction of laser illumination on
membrane shift also suggests that radiation force is not the cause of imprint formation,
because in that case, the difference in the light illumination direction should affect the
direction of the membrane shift according to the change in momentum of the incident
beam. On the other hand, the rate of imprint formation is greatly dependant on the
fluorophore concentration, while the creation of radiation force should not be influenced
by the fluorophore concentration within the sample. In addition, the irreversible
formation of the imprint suggests that the small deformation on the erythrocyte membrane
is due to the damage on erythrocyte membrane rather than the radiation force created
during the focused laser beam illumination. Therefore, the imprint formation is likely to
be the result of photosensitized reactions, but not thermal damage nor radiation pressure.
Imprint formation and photohemolysis are also observed in the erythrocyte sample
without external fluorophores. Fluorescence microscopy shows that an erythrocyte emit a
low fluorescence when the cell is illuminated with a laser beam at both A = 488 nm and A
= 543 nm; therefore, some components of the erythrocyte act as fluorophores at those
wavelengths and can induce photosensitization even in the absence of external
fluorophore. Additionally, the presence of the oxygen scavenger, ascorbic acid decreases
the rate of imprint formation. This suggests that singlet oxygen is created during laser
illumination in the sample and that a type II mechanism of the photosensitization is
involved in the imprint formation. However, I do not know why other substrates known
to protect against photodamage were inefficient at preventing imprint formation. One
possibility is that the PBS-RBC buffer used for this study is not suitable for the protecting
substrates; for instance, dipyridamole precipitates when dissolved in PBS-RBC buffer. In

any case, my experiments show that both the imprint formation and the photohemolysis
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induced by focused light illumination are caused by the oxidation of one or several

components on the erythrocyte.

4.2  What is the primary target of the photodamage on the erythrocyte?

Once the irvolvement of photosensitization is established, it becomes crucial to
determine the primary target of the photodamage on the erythrocyte. There are a few
indications suggesting that band 3 is the primary target causing the imprint formation
during focused light illumination. First of all, no imprint forms on the GUVs and HeLa
cells; this suggests that the targeted component is found on erythrocytes but not on GUVs
nor HeLa cells. Secondly, imprint formation is also observed on erythrocyte ghosts, and
this indicates that the target is not in the erythrocyte cytoplasm but instead on the
erythrocyte membrane. Thirdly, the dependence of the kinetics of photohemolysis and
imprint formation on laser input power and fluorophore concentration are similar, and this
indicates that the photohemolysis and imprint formation are highly related processes.
Previous studies show that band 3 is the primary target in photohemolysis induced by the
non-focused light illumination. Therefore, it is reasonable to conclude that band 3 is also
damaged during fccused light illumination. A further indication that band 3 degradation
is an early process in photodamage came from the work of Josh Ng in our lab, who used
immuno-fluorescence probe labeling of band 3 to image erythrocytes. The result shows
that band 3 prote:ns lose the ability to bind the antibodies IgG, which binds to the
cytoplasmic domain of band 3, after temporary wide-field illumination (Fig. 30); in fact,
this further sugges:s that it is the cytoplasmic domain of band 3 which is damaged due to
the photosensitizec| reactions. All of the above indications suggest that the degradation of
band 3 is involved in both imprint formation and photohemolysis induced by focused

light illumination.
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Figure 30. Confocal microscope images of RBCs immunolabeled with an antibody against band 3 a) with
30 min and b) without wide-field illumination before immunolabeling. Photodamaged RBCs have a lower
ability to bind band 3 antibodies, which indicates the degradation of band 3 after light illumination.
[Photographs taken by Josh Ng]

4.3  Photodamage kinetics of focused and wide-field illumination

Both the rate of photohemolysis and the rate of imprint formation are found to
depend on both fluorophore concentration and fluence rate. Furthermore, the order of the
dependence on both parameters is exactly the same for the hemolytic and imprint
formation process, which depends on the power 0.63 of the fluence and the power 0.26 of
the fluorophore concentration. Both rates of photohemolysis and imprint formation are

increased 2.2 fold when 5 mM ascorbic acid is added to the sample.

The kinetics of hemolysis induced by wide-field light illumination has been
studied intensively. Earlier studies of delayed photohemolysis reported that the hemolytic
rate depends on the square of the fluence (Valenzeno and Pooler 1982) and between the
power 1.2 and 1.5 of the fluorophore concentration (Valenzeno and Pooler 1982; -
'Valenzeno and Pooler 1982; Pooler 1986). The fluence-squared dependence implies that
damages of erythrocytes are formed by the action of two photons. Pooler further
suggested that the dimerization of band 3 is the main reason for the involvement of two
photons (Pooler 1986). Furthermore, Valenzeno and Pooler suggested that the power
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dependence on flucrophore concentration is due to the distribution of sensitizer between
the aqueous mediun and within the erythrocyte membrane (Valenzeno and Pooler 1982;
Valenzeno 1984). However, the dependence of the hemolytic rate on the fluence and the
fluorophore concentration that I measured for focused light illumination is different from
that observed in the delayed photohemolysis wide-field studies. For delayed
photohemolysis experiments, the erythrocyte sample is illuminated with wide-field light
for a period of time. Afterward, the sample is incubated in the dark and the percentage of
hemolysis is determined through the optical density of the sample after certain time
intervals. In this case, the authors tried to understand the long term reaction of
photodamaged erythrocytes after a short period of light illumination. My results, on the
other hand, were cetermined with a continuous laser illumination on a small area on a
single erythrocyte. In addition, the photon flux in my measurements were a few orders of
magnitude higher than the wide-field light illumination experiments. The fluence rates in
my experiments were between 500 W/cm? and 500 kW/cm? compared to a few mW/cm?
to a few W/cm? in the wide-field illumination studies mentioned above. Furthermore, the
photodamage in this study is a localized effect compared to the whole cell photodamage
in wide-field illumination studies. Considering all the reasons, it seems reasonable that
there should be a difference in photosensitized mechanism between the two illumination
methods and a difference between the reaction rate orders. More studies will be
necessary in order to clarify the dependence of the reaction rates on various conditions;
for instance, the effect of using different fluorophore species on the kinetics of imprint
formation could give information about the nature of the photodamage mechanism due to

the difference in the fluorophore distribution between the cell membrane and the solution.

44  Localized vs long range photodamage on the erythrocyte membrane

During focused light illumination of the erythrocyte membrane, only those

fluorophores along the beam path are excited and only those band 3 proteins at the point
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of laser illumination are damaged. The diffusion distance of singlet oxygen is between 60
nm to 100 nm (Valenzeno 1987), which is a relatively short distance compared to the size
of an erythrocyte (~ 8 um in diameter), so that the singlet oxygen cannot diffuse from one
end of the cell to the other end before being deexcited. The relatively short diffusion
distance of the singlet oxygen can only create a localized photodamage for immobilized
band 3 on the erythrocyte. This localized damage is likely to result in the imprint
formation. One important question is: How can this localized damage cause the whole
cell to change shape and result in hemolysis? Two-thirds of the band 3 proteins undergo
lateral diffusion on the erythrocyte membrane in 37°C (Tomishige, Sako et al. 1998), so
damaged band 3 proteins can diffuse in and out of the area of laser illumination.
Although the laser illumination is localized, the photodamage of the erythrocyte
membrane can be spread to the whole cell through the diffusion of the band 3 proteins
and result in hemolysis. The experiment involving the creation of two imprints on the
same cell indeed shows the long range effect of the imprint formation. The second
imprint always has a shallower depth than the first imprint. Since the lipid membrane of
the erythrocyte has a fixed surface area, there is not enough membrane surface area to
create a second imprint with the same depth as the first one. In fact, the erythrocyte may
provide enough surface area to create a second imprint as deep as the first one by
decreasing the depth of the biconcave area of the cell or by decreasing the radius of the
cell. However, the creation of the first imprint may change the tension on the
cytoskeleton network of the whole cell due to the photodamage of band 3. The result of
this increases the rigidity of the cell and makes it harder for the cell harder to change

shape.

4.5  Models of erythrocyte shape transformation

Since immobilized band 3 proteins constitute one of the sites connecting the lipid

bilayer and the membrane cytoskeleton, it seems logical that they have a functional role
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in erythrocyte shape regulation. My experiments indeed indicate that this is the case:
oxidation of immobilized band 3 proteins cause a major shape change, the formation of a
localized imprint. The simple bilayer coupled theory itself cannot explain the imprint
formation because nothing is introduced into either leaflet during the illumination, and
most importantly, band 3 is shown to be involved in the imprint formation. The model
introduced by Gimsa and Ried on the other hand could explain the erythrocyte
morphological change if the photodamage of band 3 was favoring the inward facing of
the protein; consequently, localized illumination would promote a cup-shape formation at
that point, resulting in an imprint. On other possible explanation for the imprint
formation using the area difference elasticity model is that the focused light exposure on
the erythrocyte membrane could lead to band 3 protein cross-linking, and band 3
aggregation (a phenomenon which is known to happen when band 3 ages (Turrini, Arese
et al. 1991)) Due to the connection between the cytoplasmic domain of band 3 and the
spectrin meshwork, band 3 cross-linking or disassociation of band 3 and the cytoskeleton
would certainly influence the cytoskeleton shear and stretch modulus at the point of laser
illumination. The change in the cytoskeleton shear and stretch elasticities might cause the
membrane to adopt the negative curvature observed at the point of illumination,
developing an imprint. Another explanation for the imprint formation would be the
theoretical model proposed by P. Wong. The oxidation of band 3 might induce the
outward facing conformation of band 3 to be favored at the point of laser illumination,
which according to the model would promote the unfolding of the spectrin at that point.
This action would relax the cytoskeleton network at the point of the laser illumination,

leading the membrane to develop an imprint.

4.6 Involvement of spectrin in imprint formation

Thermal denaturation of spectrin on erythrocyte membranes at 49°C causes the
cell to turn to a spherical shape. However, differential scanning calorimetry (DSC)

experiments shows a broad transition temperature of denaturing spectrin, indicating that
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not all the spectrin is denatured at this temperature (Appell and Low 1982; Lepock, Frey
et al. 1989), and the exact amount of spectrin which is denatured after heating an
erythrocyte sample at 49°C for 10 minutes is unknown. This means that the slower rate
for imprint formation detected in these conditions could be due to different effects.
Nevertheless, it shows that spectrin plays a role on imprint formation. Furthermore, it
reinforces the idea that the functional role of band 3 lies in its connection with the cell
cytoskeleton. According to all the results of this project, the shape transformation model
proposed by P. Wong appears to be the most likely model in order to explain erythrocyte
shape changes; however, my results do not support the mechanism he proposed directly;
my results support only the components of his model, namely the involvement of band 3
through its connection to spectrin. More experiments are needed to determine how the
kinetics of imprint formation changes after the erythrocyte samples are treated at different
temperatures. Band 3 has the highest denaturation temperature compared to the other
erythrocyte membrane proteins, which are 62°C for the cytoplasmic domain and 68°C for
the transmembrane domain (Appell and Low 1982). Therefore, it is possible to denature
erythrocyte membrane proteins except band 3 using thermal treatment. This method will
allow to verify whether imprint formation is possible with band 3 proteins alone, in the
absence of spectrin. The result of a preliminary DSC experiment for erythrocyte
membranes is shown in Fig. 31. One broad thermal transition peak is observed instead of
the three distinct peaks usually recorded for erythrocyte ghosts, probably due to the
aggregation of the ghosts after the few intense centrifugations performed to remove
hemoglobin from the solution. Nevertheless, the data can be fitted with the summation of
three Gaussian function with distinct transition temperatures 50.5°C, 59.6°C, and 65.9°C,
and they are closed to the published values (Lepock, Frey et al. 1989). This shows that
the erythrocyte ghosts stored in the buffer I used can produce the same denaturation

temperatures as the published values.
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Figure 31. DSC scans (40-75°C) of human erythrocyte ghost with (red line) and without (black line)
hemoglobin. Three Gaussian functions with three different thermal transition temperatures are shown and
the summation of the three functions produces the curve fit of the DCS scan of the erythrocyte ghost (purple

broken line).

51



Master’s Thesis — FH.C. Wong McMaster — Physics and Astronomy

Chapter S Conclusions

The main tasks undertaken in this project were the characteristization and
determination of the formation mechanism of the imprint observed on the erythrocyte
membrane when illuminated with focused laser beam in the presence of external
fluorophores. I showed that the erythrocyte membrane at the point of the imprint shifts
roughly 1.2 um toward the inside of the cell, independently of the direction of the light
illumination. Also, the imprint formation on the erythrocyte is an irreversible equilibrium
process. The imprint formztion is the first observable step of the photoinduced hemolysis
caused by focused light illumination, and it can be characterized by an exponential
equation, which represents a formation rate. I showed that the imprint formation is the
result of band 3 oxidation. It confirms that band 3 plays a pivotal role in the preservation

of the erythrocyte morphology and in inducing rapid shape changes.

This project also introduced a new strategy to study the specific role of
erythrocyte membrane proteins in the mechanism of the erythrocyte shape changes using
thermal denaturation of proteins. My results showed that the rate of imprint formation
becomes slower after most of the spectrin on the erythrocyte membrane being thermally
denatured, which it suggests spectrin plays a role in imprint formation. Further
experiments are needed in order to determine the exact influence of different proteins on

imprint.

To conclude this project, my study may provide several clues to understand the
erythrocyte. Studying the localized photodamage of erythrocyte may provide insight on
the cell components that involved in the overall photohemolysis process. Also, it may
provide insight on models for erythrocyte shape changes. This project further suggests
that experimental techniqies involving fluorescence and focused laser beams such as
FRAP, FCS, and confocel microscopy, should be used cautiously for cell membrane

studies, especially for the study of the erythrocyte membrane.
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