


Fig. IV.2

Fig. IV.2 | Two-color two-focus scanning FCCS experiments on BAX. A & B, FCCS of
BAX-R/BAX-G cross-correlation (50 nM total BAX concentration) in the presence of 50
nM BCL-X_ and 4 nM cBID. C & D, FCCS of BAX-R/BAX-G cross-correlation (50 nM total
BAX concentration) in the presence of 4 nM cBID (BCL-X, absent). E, Schematic of
various diffusion species of BAX in a lipid membrane.
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BCL-X; prevents the self-assembly of BAX in lipid membranes

To determine the membrane diffusion coefficient of a BAX monomer, BAX self-
assembly and pore formation in a lipid membrane should be inhibited. This was accomplished
by using full length human BCL-X protein which is an anti-apoptotic member of the BCL2
family that inhibits BAX pore formation (20). When GUVs were preincubated with BCL-X¢
(50 nM) and cBID (4 nM) for one hour and then BAX (50 nM) was added, no binding of BAX
to GUV membranes was observed (Fig. IIL.1E, Appendix III) which does not allow for the
FCCS measurements. However, this observation reflects the ability of BCL-X1 to sequester
¢BID in an inactive complex which is unable to activate and promote membrane integration of
BAX (14,17,20). Simultaneous addition to GUVs of BAX, ¢cBID and BCL-X at these same
concentrations resulted in sufficient membrane binding of BAX for the FCCS measurements
but did not result in GUV permeabilization (Fig. IIL.1D, Appendix III). Comparison of the
fluorescence intensity of BAX-R accumulation in the GUV membranes in the presence and
absence of BCL-X shows that in the presence of BCL-X\. the amount of BAX binding to the
GUYV membranes is lower than in the absence of BCL-X, (Fig. IV.3).

Based on the results of the FCCS experiments shown in Figure IV.2A&B in the
presence of BCL-Xi the membrane concentration of BAX increased over 7 hours and its
diffusion coefficient decreased from 8.3+1.0 um?*/sec (meants.d, n=6) to 5.2+0.7 um?/sec
(meants.d., n=26). The latter diffusion coefficient value is typical of a transmembrane alpha-
helical peptide (21) and it is also similar to the in-membrane diffusion coefficient of

monomeric membrane integrated tBID or C-terminal truncated BCL-X1 described by the

258



Saffman-Delbruck model of membrane protein diffusion (Table IV.1) (17,22). In addition, we
observed no cross-correlation between BAX-R and BAX-G at this concentration of BCL-X,.
(Fig. IV.2B). Based on these data we conclude that the diffusion coefficient of membrane
integrated BAX monomers is 5.2+0.7 pm?*/sec.

Furthermore, we propose that the gradual decrease in the membrane diffusion
coefficient of BAX in the presence of inhibiting concentrations of BCL-X\ represents the
transition of BAX from being a monomeric membrane-associated protein sliding on the
membrane surface with fast diffusion to becoming a monomeric membrane-integrated protein
with appropriately slower diffusion (Fig. IV.2E). However, we do not discount the possibility
that the monomeric integrated BAX forms heterodimers with BCL-X in lipid membranes
(20). In the Saffman-Delbruck theory scaling of the diffusion coefficient with the in-membrane
diameter of the protein is logarithmic implying that integrated monomeric BAX would have

membrane diffusion coefficient similar to that of a BAX/ BCL-X; heterodimer.
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Fig. IV.3 | Comparison of BAX-R binding to GUV membranes in the presence and
absence of BCL-X,. A, Map of fluorescence intensity changes in a line scan through the GUV
membrane (vertical direction) with time (horizontal direction). This membrane trace comes
from a GUV exposed only to BAX-R protein and cBID. B, Change in cumulative fluorescence
intensity in membranes of GUVs exposed to BAX-R and c¢BID in the absence and presence of
BCL-X,. The trace for the last point in each measurement is shown in A and C. C, Map of
fluorescence intensity changes in a GUV exposed to BAX-R, cBID, and BCL-X.. In these
experiments following protein and lipid concentrations were used: 25 nM BAX-R, 25 nM
BAX-G, 50 nM BCL-X,, 4 nM cBID, and 5 uM total lipid.
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Table IV.1 | Comparison of BAX diffusion coefficients with lipid diffusion coefficients.

Type of molecule Diffusion coefficient, in-membrane
um?/sec diameter,
nm

in solution: -
monomeric inactive BAX 11445
monomeric tBID (17) 14349
monomeric BCL-X,"“ (17) 78+10

in a lipid membrane:
lipids 10.0+0.5 1
monomeric membrane associated BAX 8.3t1.0 -
monomeric membrane integrated BAX 5.2+0.7 =1
monomeric tBID (17) 5.0+0.3 -
monomeric BCL-X,"“ (17) 4.8+0.7 -
BAX pore complex 2.0+0.4 53+12

(at 50 nM total BAX concentration )
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Calculation of the BAX pore complex diameter

Traditionally the Saffman-Delbruck equation is used to calculate the hydrodynamic
radius of a membrane inclusion from its diffusion coefficient (21-25) (See Eqn. 1 in the
Experimentals section). It has also been shown that Saffman-Delbruck equation faithfully
describes diffusion of membrane inclusions traversing both leaflets of a lipid membrane in the
case of small proteins, however, in the case of larger membrane inclusions (for example, such as
lipid rafts) this theory underestimates the diameter of membrane inclusions. As a consequence
of this, a modified version of a Saffman-Delbruck equation has been developed by Petrov and
Schwille for the description of the diffusion of large membrane inclusions (19) (See Eqn. 2 in
the Experimental Procedures section).

In the case of the diffusion of BAX in lipid membranes the diffusion coefficient of a
BAX monomer (5.240.7 pm?/sec) is consistent with the Saffman-Delbruck theory, however,
the diffusion coefficient of BAX-RG protein complex is two times slower than the diffusion of
a BAX monomer and thus according Petrov and Schwille the in-membrane hydrodynamic
diameter of this complex should be calculated according to the modified Saffman-Delbruck
formula. As a result the diameter of the BAX-RG protein complex diffusing with diffusion
coefficient of 2.0+0.4 um?/sec is 53+12 nm. This value is one order of magnitude larger than
the size of a BAX pore measured by the dextran blocking of a pore and by the electrophysiology
methods (13,26). However, this value is consistent with the electron microscopy imaging of a
BAX pore in liposomes and AFM measurement of the pore in supported lipid bilayers (4,27)

where it has been shown that the diameter of a BAX pore can be 100-200 nm.
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It is worth noting here that the calculated hydrodynamic radius of a BAX-RG complex
does not necessarily represent the size of a pore formed by this complex. In spite of the obvious
connection between the calculated diameter of a BAX-RG complex and the electron
microscopy and AFM experiments, it is still possible that the size of the pore is smaller than 53
nm and the rest of the size of the pore is occupied by the lipids trapped in the concerted motion
of a lipidic pore.

Titration of BAX in lipid membranes: mass action law

We next asked a question whether by increasing the amount of BAX in a lipid
membrane we can control for the size and the concentration of BAX-RG complexes. For this
purpose the various amounts of total soluble BAX-R and BAX-G proteins were added to the
constant concentration of GUVs and the FCCS measurements were done on these GUV
populations. In each case BAX binding to GUVs was activated by the addition of 4 nM ¢BID.
As a result of these experiments we find that with the increasing concentration of total BAX
added to the system the higher concentration of BAX particles is found in a lipid membrane
(Fig IV 4, grey bars). It is important to note that these BAX particles include monomers and
oligomers of BAX. Additionally, with increasing concentration of BAX particles in a lipid
membrane the greater number of the BAX-RG complexes was observed (Fig. IV 4, black bars).
Analysis of the diffusion coefficients for the BAX-RG complexes formed at different total
concentrations of BAX also showed an increase in the average size of these complexes (Table

IV.2). Such correlation between the size and concentration of BAX-RG complexes with the
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total concentration of BAX in a system shows that BAX pore formation follows the mass

action law.
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Fig. IV.4
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Fig. IV.4 | Titration of BAX. BAX-R and BAX-G were added to GUVs (5uM total lipid
concentration) in the presence of cBID and FCCS measurement were done on a
population of no less than 10 GUVs upon 1-2 hours after protein addition to GUVs.
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Table 1V.2 | FCCS results of the titration of BAX. Experimental conditions were the same

as described in the legend to Fig. IV.4. The hydrodynamic diameter was calculated using
modified Saffman-Delbruck formula (19).

Total BAX BAX-RG measured diffusion  calculated in-membrane
concentration, complexes, coefficient, hydrodynamic diameter,
nM particles/pm’ um?/sec nm
50 7.9 2.0+0.4 53.2
83 8.8 1.5+0.4 102.2
100 9.6 1.4+0.3 120
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Moderating the activity of BAX with ¢BID

To study the effects of increasing concentrations of ¢cBID onto the distribution of BAX
particles in a lipid membrane we varied ¢BID concentrations in our FCCS experiments while
keeping BAX and total lipid concentration constant. As a result we observed correlation
between the increase of ¢BID concentration and the resulting concentration of BAX particles
in the lipid membrane (Fig. IV.5). However, the concentration of BAX-RG complexes did not
follow this correlation pattern. The concentration of BAX-RG complexes in a lipid membrane
remained constant (within the margin of error) for all ¢cBID concentrations (Fig. IV.5, blue
bars). This observation indicates that ¢cBID must be affecting only the kinetics of BAX
integration into the lipid membranes without a significant effect on the resulting concentration

of the BAX oligomers.
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Fig. IV.5

30 nM Baxtmal
B Bax-R
o~ | ] Bax-G
€ 301 NN Bax-RG
"g 4
© 20+
t |
o
2 10+

cBid 4nM 20 nM 80 nM

Fig. IV.5 | Effects of cBID titration on the distribution of the membrane forms of BAX.
Results were obtained using two-color two-focus scanning FCCS analysis.
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Interactions among BAX, cBID, and BCL-X: rheostat model

In Fig. IV.2 we have shown that BCL-X\ inhibits oligomerization of BAX in a lipid
membrane. However, we were intrigued to know whether the inhibitory effect of BCL-X; on
BAX can be rescued by the addition of excess ¢cBID. According to the rheostat model proposed

by Korsmeyer et al. the apoptosis decision in cells depends on the relative concentrations of
pro- and anti-apoptotic proteins (28). Therefore, in our minimal 7 vitro system we expect to

observe an increase in the oligomerization of BAX in a lipid membrane containing BCL-X,.
when c¢BID concentration is increased due to the competition for ¢BID between BAX and
BCL-X; (29).

Simultaneous addition to GUVs of 50 nM BAX and BCL-X{ at 1:1 protein to protein
ratio with 4 nM ¢BID resulted in complete inhibition of BAX oligomerization as can be seen
from the absence of BAX-RG complex formation, while in the absence of BCL-Xy the same
concentrations of BAX and ¢BID resulted in the formation of 16% of BAX-RG complexes
(normalized to the total concentration of BAX particles in the membrane) (Fig. IV.6). This
observation is consistent with the rheostat model where cBID can interact with both BAX and
BCL-X. while having higher affinity for the interaction with BCL-X; (14,17,29) and thus
when BCL-X is present majority of the ¢BID molecules is sequestered in the interaction with
BCL-X, (assuming 1:1 stoichiometry of protein binding) leaving few ¢BID molecules for the
interaction with BAX. However, when excess of ¢BID is added—equimolar BAX, BCL-X; and
cBID in the system—then there is sufficient ¢BID for the interaction with both BAX and

BCL-X., and as a result we observe rescue of the BAX-RG complex formation (Fig. IV.6).
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Therefore, using a minimal 7z vitro system we were able to show that the outcome of the

interaction among BAX, ¢BID, and BCL-X; can be described by the rationale of the rheostat

model.
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Fig. IV.6
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Fig. IV.6 | BAX, cBID, and BCL-X,: rheostat model. Results were obtained using two-
color two-focus scanning FCCS analysis.
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IV.4 | Discussion

For use with two-color two-focus FCCS we produced two forms of the fluorescently
labeled full length BAX protein, BAX-R and BAX-G. These fluorescently-labeled BAX
proteins have been shown to have the pore formation activity similar to that of the
recombinant wild type BAX (See Appendix III for details). Furthermore, we show that these
two fluorescent forms of BAX are monomeric in solution and oligomerize only in lipid
membranes (Fig. IV.1).

BAX binding to lipid membranes: associated versus integrated BAX

Using two-color two-focus scanning FCCS we show that prior to oligomerization in a
lipid membrane monomeric BAX associates with the lipid membrane, and then becomes
membrane integrated. The transition between the membrane associated and integrated forms
of BAX most likely occurs via a conformational change, which is aided by ¢BID protein already
present in the membrane. We differentiate between these two monomeric forms of BAX based
on their diffusion coefficient: membrane-associated monomeric BAX, due to incomplete
insertion into a lipid bilayer, has faster diffusion coefficient (8m */sec) than the monomeric
membrane-integrated BAX (um ?/sec). It is important to note, that this transition from
associated to integrated BAX could only be observed by scanning FCCS in the presence of
BCL-X.. protein in GUV membranes. BCL-Xy. slows down membrane binding of BAX, and
thus allowed us to observe this transition process. BCL-X has been proposed to inhibit the
pore formation by BAX in three ways: by directly binding monomeric integrated BAX, by

binding ¢BID protein and thus eliminating it as an activator of BAX, and by preventing BAX
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binding to a lipid membrane (20,30). However, the mechanism of the last inhibition pathway is
not clear. Therefore, BCL-X\ inhibition of BAX binding, oligomerization, and pore formation
in lipid membranes, which were observed in our experiments, agree with literature.

In the absence of BCL-X in the membrane, the association and integration of BAX is
rapid, and cannot be resolved by the scanning FCCS. In this case we observe the decrease in the
average diffusion coefficient of BAX from S pm?/sec to 2um */sec, which likely represents the
transition from monomeric integrated BAX to a proteo-lipidic complex containing multiple
BAX monomers. Furthermore, the time frame of the BAX transition from the associated to
integrated protein in the presence of BCL-X\ is longer than the time frame of the transition
from the monomeric membrane integrated protein to the proteo-lipid complex in the absence
of BCL-X, (Fig. IV.2B&D), thus supporting our proposal that BCL-X; slows down the process
of BAX integration in a lipid membrane. Our observation of the transition from membrane
integrated to membrane associated forms of BAX can be further supported by the SPR studies
(31) and by the studies of the conformation of BAX loosely associated with the lipid membrane
of LUV (32).

Self-assembly of BAX in lipid membranes

It has been shown that in order to form a pore in artificial lipid membranes, BAX must
undergo self-assembly in the lipid membrane environment (4,10,13,14,33) while i vivo, during
apoptosis, BAX has also been shown to form large aggregates (10,34,35). Therefore, our
observation of the BAX-RG complex formation was expected. However, what was unexpected,

is the progressive decrease in the diffusion coefficient of BAX upon membrane integration.
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According to the Saffman-Delbruck formula, diffusion of a membrane protein is primarily
affected by the in-membrane hydrodynamic diameter of the protein. Therefore, dimerization
and even tetramerization of a protein in a lipid bilayer would not result in a significant change
in the diffusion coefficient of the resulting complex, compared to that of a monomer (36,37).
Therefore, our observation of the significant decrease in the diffusion coefficient of BAX-RG
complex compared to that of a BAX monomer, indicates that BAX is not simply oligomerizing,
but most likely is forming lipidic pores (4,6,38). These lipidic pores involve lipids which
contribute to the size of the in-membrane hydrodynamic diameter of a complex (See Fig. IV.2E
for a proposed model of a BAX lipidic pore). Therefore, our estimation of the diameter of these
slowly diffusing BAX-RG proteo-lipidic complexes most likely over-estimates the size of pores
formed by these complexes in a lipid bilayer. However, we do not have direct experimental
evidence for the presence of pores in these complexes. The reason for our assumption, that
these BAX-RG proteo-lipidic complexes contain a pore, is based on the transmission electron
microsocopy and AFM measurement of the BAX pore diameters, which show that BAX is
capable of forming pores with the diameter of 100-200 nm. Calculated in-membrane diameter
of a BAX-RG complex falls into this range.

Rheostat model: connection to physiology

The finding that pro- and anti-apoptotic proteins of the BCL2 family can
heterodimerize, and that their relative concentrations to each other affects the decision whether

a cell should undergo apoptosis, lead to the proposal of the rheostat model by Korsmeyer ez al.

(28). The results obtained using our model system of BAX pore formation in GUVs support
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this hypothesis (Fig. IV.6). These results show that, when equimolar concentrations of BAX
and BCL-X| are present in a lipid membrane together with low concentration of ¢cBID, there is
no oligomerization and pore formation by BAX. However, when ¢BID is added, such that there
is approximately one ¢BID molecule for each BAX and BCL-X; molecule, then oligomerization
and pore formation by BAX is rescued. Similarly, in the presence of low cBID concentration
and the complete absence of BCL-X1, BAX is able to oligomerize and form pores.

The results of scanning FCCS shown that BAX, ¢BID and BCL-X; obey the law of
mass action (Fig. IV.4, IV.5, IV.6). These results show that increase in the concentration of
soluble protein leads to the concentration increase of the membrane bound protein, with a
certain saturation limit. Results of the titration experiments with BAX-R and BAX-G show
that not only the total concentration of membrane bound BAX monomers increases, but also
that the distribution of BAX-RG proteo-lipidic complexes changes, resulting in the larger mean
diameter of complexes (Table IV.2).

IV.5 | Conclusions

The work presented in this appendix represents the first example of the application of
two-color two-focus scanning FCCS to study oligomerization and pore formation by BAX in
lipid membranes of GUVs. The results of this study provide an insight into the mechanism of
BAX pore formation in lipid membranes and the regulation of this mechanism by the pro-
apoptotic BH3-only protein ¢cBID and anti-apoptotic protein BCL-Xy. These results show that
BAX binds lipid membranes containing cBID as a monomer, by first associating with the lipid
membrane, likely via electrostatic interaction, and then undergoing conformational transition
to become a membrane integrated protein, likely due to the interaction with ¢BID. Once in
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lipid membrane, integrated BAX monomers initiate self-association which leads to the
formation of pores. Formation of pores reduces the concentration of monomeric BAX
monomers in the lipid membrane, thus allowing for the integration of additional BAX
proteins. This continual insertion of BAX monomers into the lipid membrane leads to increase
in the average BAX pore size resulting in the heterogencous distribution of BAX pores. Increase
in the number of BAX pores in the lipid membrane leads to the disruption of elastic forces of

the lipid membrane, thus leading to the deformation and destruction of GUVs,
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IV.6 | Experimental Procedures
Protein purifications and labelings were performed as described in Chapter 4 &
Apendix IIL

Sample preparation for the FCCS experiments

For the FCCS experiments GUVs were prepared from a lipid mixture of DOPC:bovine
heart cardiolipin (80:20 mol%) using the electroformation method described in Appendix III.
After the preparation 50 pl of GUVs were transferred to an observation well containing 450 ul
of 1xEB buffer (10 mM Hepes, pH 7.2, 100 mM KCI) and a mixture of proteins (BAX, ¢BID,
BCL-X.) depending on the experiment. For all experiments observation chambers (8 well
LabTak, Nunc) were treated for at least one hour with a solution containing 4 mg/ml BSA.
BSA treatment was done with the purpose to prevent protein adsorption to the plastic walls of
the observations chamber. All FCCS measurements were performed at room temperature (22
°C) in a dark room.

Fluorescence cross-correlation spectroscopy

FCCS measurements were performed on a laser-scanning microscope Meta 510 system
(Carl Zeiss) using 40x NA 1.2 UV-Vis-IR C Apochromat water-immersion objective. For
excitation the 488 nm line of an Argon-ion laser (25 pW) and the 633 nm line of the HeNe
laser (15 wW) were used, while detection was done using a home-built detection unit at the
fiber output channel. A dichroic mirror and band-pass filters (D555, HQ520/40 and
HQ700/75; AHF Analyze Technik) were used behind a collimating achromat to split the

emission for the dual-color detection and to reject residual laser and background light. We then
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used achromats (LINOS Photonics) to image the internal pinhole onto the apertures of the
fibers connected to the avalanche photodiodes (APD, PerkinElmer). The photon arrival times
were recorded in the photon mode of the hardware correlator Flex 02-01D
(http://correlator.com).

For scanning FCCS, the detection volume was repeatedly scanned perpendicularly
through the equator of a GUV. We controlled its movement directly with the Zeiss LSM

operation software. We used the frame mode with Nx2 pixels to scan the two parallel lines. We
measured their distance d by repeatedly scanning over a film of dried fluorophores and

measuring the distance between the bleached traces in a high-resolution LSM image.

Data analysis was performed with software written in MATLAB (MathWorks). For
scanning FCCS, we binned the photon stream in bins of 2 us and arranged it as a matrix such
that every row corresponded to one line scan. Corrected for movements of the membrane was
done by calculating the position of the maximum of a running average over several hundred line
scans and shifting it to the same column. We fitted an average over all rows with a Gaussian and
we added only the elements of each row between -2.5¢ and 2.5¢ to construct the intensity trace.
We computed the auto- and cross-correlation curves of the resulting intensity traces with a
multiple tau correlation algorithm and fitted them with a nonlinear least-squares fitting
algorithm. In all FCCS data processing, we excluded from further analysis irregular curves
resulting from major instabilities identified by distortions of the curves and a systematic change

in the intensity trace. For details of data fitting see Supplementary information.
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Calculation of the diameter for the BAX pore complex
According to the Saffman-Delbruck theory of the diffusion of particles in lipid
membranes translational diffusion coefficient (D) of the particle depends on the radius (R ) of

the particle in the following way

k,T h
D=—"5"_|jpten” (Eqn.1)
472.1umem h /usal R

where g, is membrane viscosity, 4, is solution viscosity, Ais membrane thickness,

T temperature, k, is Boltzmann constant, and y is Euler's constant (0.5772) (22). Schematic

representation of a diffusing particle in a lipid membrane is shown in Figure IV.7.
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Fig. IV.7 | Schematic representation of the hydrodynamic model of a particle diffusing in a lipid
membrane described by the Saffman-Delbruck equation (Eqn. 1).

As was mentioned previously that Saffman-Delbruck formula describes well diffusion
of small proteins in a lipid membrane but fails to describe the membrane diffusion of larger
complexes such as lipid rafts (19). Since BAX-RG proteo-lipidic complexes have diffusion
coefficient two times smaller that the diffusion coefficient of a BAX monomer we used

modified Saffman-Delbruck formula (17) to determine the in-membrane hydrodynamic radius
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of these complexes. In our analysis we made assumptions that membrane viscosity is 0.7 cP (15),
membrane thickness is 5 nm. The expression for the modified Saffman-Delbruck formula is

following

( (2) 4e H [sz
Inf = |-y+——| —|In —
D(e) = k,T g V4 2 g
47Z',leemh 1_ i ln g +01€bl
P € (1+c,e™)

where, ¢ is the reduced radius, € =2Ru,/u,,, » while ¢, ¢,, b, and b, are constant

(¢, =0.73761, ¢, = 0.52119, b, = 2.74819, b, = 0.61465 ).

To calculate the error for this value we used the fact that membrane viscosity is not very
well defined and according to Ramadurai ez a/. (15) it varies for a lipid membrane composed of
DOPC/DOPG mixture from 0.6 cP to 0.8 cP. Using this uncertainty in the actual value for the
membrane viscosity together with the fact that lipid composition used in our work has similar
viscosity as the one used in Ramadurai ¢z 4/. based on the measurements of translational lipid
diffusion we estimated that standard error for the diameter of the BAX pore complex is 12 nm.

Therefore, we estimate that the diameter of the BAX pore complex in a lipid membrane is

53+12 nm.
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