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Abstract

Cellular membranes, which are densely crowded by proteins, take on an elaborate array
of highly curved shapes. Steric pressure generated by protein crowding plays a significant
role in shaping membrane surfaces. It is increasingly clear that many proteins involved in
membrane remodeling contain substantial regions of intrinsic disorder. These domains
have large hydrodynamic radii, suggesting that they may contribute significantly to steric
congestion on membrane surfaces. However, it has been unclear to what extent they are
capable of generating steric pressure, owing to their conformational flexibility. To address
this gap, we use a recently developed sensor based on Forster resonance energy transfer
to measure steric pressure generated at membrane surfaces by the intrinsically
disordered domain of the endocytic protein, AP180. We find that disordered domains
generate substantial steric pressure that arises from both entropic and electrostatic
components. Interestingly, this steric pressure is largely invariant with the molecular
weight of the disordered domain, provided that coverage of the membrane surface is held
constant. Moreover, equivalent levels of steric pressure result in equivalent degrees of
membrane remodeling, regardless of protein molecular weight. This result, which is
consistent with classical polymer scaling relationships for semi-dilute solutions, helps to
explain the molecular and physical origins of steric pressure generation by intrinsically
disordered domains. From a physiological perspective, these findings suggest that a
broad range of membrane-associated disordered domains are likely to play a significant
and previously unknown role in controlling membrane shape.



Significance

With nearly half their surfaces covered by proteins, biological membranes are highly
crowded. Rapid diffusion and collision of membrane-bound proteins generates
substantial steric pressure that is capable of shaping membrane surfaces. Many proteins
involved in membrane remodeling, are intrinsically disordered. Having large
hydrodynamic radii, disordered domains could contribute substantially to membrane
crowding. However, it is unclear to what extent they are capable of generating steric
pressure, owing to their conformational flexibility. Toward resolving this uncertainty, we
have measured steric pressure at membrane surfaces during dynamic membrane
remodeling events. Our data indicate that disordered domains generate significant steric
pressure through entropic and electrostatic mechanisms, suggesting that they may
constitute a critical, yet previously neglected class of membrane remodeling proteins.

Introduction

Highly curved membrane structures are critical for cell physiology (1,2). Protein
interactions on crowded cell membranes play a significant role in key membrane bending
processes, such as shaping endocytic vesicles and cellular protrusions (3-5). Globular
proteins with curvature-inducing motifs such as BAR domains or lattice-forming clathrin
triskelia were previously thought to be the primary drivers of membrane bending (6-8).
However, recent work has demonstrated that intrinsically disordered proteins are also
potent drivers of membrane curvature (9,10). Specifically, the large steric bulk of
disordered domains may create steric pressure on membrane surfaces, which is thought
to give rise to membrane bending. Here, we define steric pressure as the change in the
configurational free energy of membrane-bound proteins with increasing coverage of the
membrane surface by proteins. While computational and analytical models have sought
to predict the magnitude of this steric pressure (11-13), the ability of disordered domains
to generate it has never been directly measured. As a result, the role of disordered
domains in membrane remodeling remains highly debated.

Recently, we developed a FRET-based sensor for measuring steric pressure among
globular proteins at membrane surfaces (14). This sensor consists of a polyethylene
glycol (PEG) chain that is covalently attached at one end to the head group of a
phospholipid. The free end of the PEG chain is labeled by a donor fluorophore, while
lipids labeled with acceptor fluorophores reside at the membrane surface. As the
membrane becomes crowded by proteins, the PEG chain is stretched such that the donor
fluorophore moves farther from the membrane surface, resulting in an increase in donor
lifetime. The measured donor fluorescence decay can then be used to estimate the
distribution of end-to-end distances for the membrane-tethered PEG chain. Fitting these
data to well-known results from the polymer physics literature provides an estimate of the
change in free energy of the PEG chain due to molecular crowding, a measure of steric
pressure. Importantly, our published work has already validated the ability of this sensor



to accurately report the steric pressure generated by folded proteins, in agreement with
crowded particle theory (14).

Here, we employ this sensor to measure the steric pressure generated by membrane-
bound disordered proteins. Specifically, we examined the full-length C-terminal
disordered domain of AP180 (AP180CTD-FL), one of the most abundant endocytic
adaptor proteins. AP180CTD-FL has a large unstructured domain of 571 residues, which
carries a moderate net negative charge of -32 (15). Highly charged disordered domains
have the potential to generate steric pressure through both electrostatic repulsion and
entropic exclusion effects (16). For example, the C-terminal domain of the neurofilament-
M protein has previously been found to generate long-range repulsive forces (17), which
control inter-filament spacing within axons, ultimately determining axonal diameter (18).
Similarly, conformational restrictions experienced by disordered domains when they bind
to membrane surfaces are thought to enable them to sense membrane curvature (16).
Additionally, several recent studies have elucidated the impact of molecular crowding on
the structure and conformation of disordered proteins (19-21).

Owing to the lack of secondary and tertiary structure, disordered domains are expected
to be especially sensitive to the effects of molecular crowding. Indeed, work by Soranno
et al. revealed polymeric behavior of disordered domains upon crowding with PEG in
solution through excluded volume effects (22). Similarly, PEG has been shown capable
of exerting steric pressure on a diverse group of intrinsically disordered protein domains
(23,24). Efforts have been made to study these crowding effects for synthetic polymers
on lipid bilayers through both theoretical and computational approaches (25,26).
However, we still lack a direct measurement of the steric forces generated by disordered
domains at membrane surfaces.

In this work, we found that AP180CTD-FL generates significant steric pressure on the
membrane surface, which arises from both entropic and electrostatic effects. Further, we
characterized the impact of amino acid chain length on the ability of disordered proteins
to generate steric pressure and drive membrane vesiculation. Our results show that steric
pressure, generated by both disordered proteins and membrane-tethered polymers,
depends strongly on membrane surface coverage, in agreement with classical results
from polymer theory. This work provides a framework for understanding and predicting
the impact of disordered domains on membrane surface pressure and shape. More
broadly, our findings suggest that disordered domains, ubiquitous in membrane traffic,
may constitute a broad and previously neglected class of membrane remodeling proteins.



Results and Discussion

The disordered domain of AP180 generates increasing steric pressure as
membrane coverage increases

To determine the extent to which intrinsically disordered proteins generate steric pressure
on membrane surfaces, we used AP180CTD-FL to crowd our polymer-based FRET
sensor on the surfaces of small unilamellar vesicles (SUVs), which had an average
diameter of about 100 nm, Figure 1A. For our FRET sensor, we used a PEG 10K chain,
which was covalently attached by the manufacturer to the head group of a synthetic
phospholipid, DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine). These PEG-
conjugated lipids were incorporated into SUVs at 1 mol%. We labeled an amine group on
the free end of the PEG chain with NHS-ester ATTO 488, a green fluorescent dye. ATTO
488 served as our donor fluorophore for FRET experiments. Notably, the donor is free to
sample many different configurations because it is conjugated to the free end of the
polymer chain. In this way, we expect that the orientation of the donor relative to the
acceptor to be randomized by the rotational diffusion of the chain. We incorporated 10
mol% of Texas Red-DHPE (1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt) in the SUVs to serve as the FRET acceptor fluorophores. The
vesicles contained 16 mol% Ni?*-DGS-NTA (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl]) lipids to recruit AP180CTD-FL and its
variants, each of which contained an N-terminal 6x histidine tag. We varied the
concentration of AP180CTD-FL in solution from 20 nM to 2 uM to increase the coverage
of the membrane surface by proteins. As protein concentration increased, we measured
the donor fluorescence decay, which shifted steadily toward longer times, Figure 1B. This
shift suggests that crowding among AP180CTD-FL proteins drove an increase in the
distribution of end-to-end distances of the polymer chains, thus limiting the number of
conformations they can occupy. To model this change in conformational freedom, we fit
each of the measured donor fluorescence decay curves by methods described in
previously published work, as well as in the methods section (14). Briefly, we modeled
the decrease in conformational entropy of the polymer chain as an effective reduction in
the number of freely jointed segments within the chain. We held total chain length
constant while increasing the effective length of the rigid segments that made up the
chain, resulting in a decrease in the effective number of segments as shown in equation
1. Here, N’ is the effective number of segments within the crowded polymer chain, which
is always less than the number of segments within the uncrowded chain, N. Similarly, r’
is the stretched segment length, which is always greater than the unstretched segment
length, r. The increase in the segment length is a consequence of crowding-induced steric
pressure, which mimics mechanical forces.

N'=N (ri) Equation (1)



The resulting end-to-end distance of the chain increases as the effective number of
segments decreases, owing to an increase in chain “stiffness”. Using this approach, we
previously validated our model by varying the length of PEG chains tethered to the surface
and found the effective number of segments to be in good agreement with the known
number of rigid segments (14). Notably, this previous validation demonstrates interactions
between the PEG chains and the membrane surface do not significantly impact our
measurements. The reduction in the effective number of segments can be used to
estimate the associated reduction in chain entropy, S. Specifically, we used an analytical
relationship derived by DiMarzio and McCrackin to relate the number of configurations,
W, to the number of rigid segments, N, for a polymer tethered to a surface, equation 2
(27).
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From Boltzmann’s law, the change in free energy can be estimated based on the
corresponding decrease in effective segments, equation 3.

AG = 6"~ G = kpTin () = kpT ((N ~N')in2 +1In (%)) Equation (3)

Using this analysis, we plotted the effective number of segments for each protein
crowding condition along with the associated change in free energy of the polymer
sensor, Figure 1C.

As the coverage of the membrane surface by AP180CTD-FL proteins increases, steric
pressure is expected to increase. Therefore, we estimated the coverage of the membrane
by AP180CTD-FL as a function of the protein concentration in solution. For these
measurements we used a tethered vesicle assay, an approach we have previously
validated, Figure 1D (10,28). In brief, biotinylated vesicles were tethered to a biotin-
NeutrAvidin functionalized surface. The tethered vesicles were then incubated with a
protein-containing solution and imaged, as described in the methods section. The total
membrane coverage was estimated as the sum of the fraction of the membrane covered
by both the polymer sensor and bound protein. The polymer sensor covered
approximately 21% of the membrane surface based on our measurement of the number
of PEG chains on the membrane and the projected area that each PEG chain covers, 34
nm?. The projected area occupied on the membrane by the protein is calculated from
previously measured hydrodynamic radius values determined by Zeno et al. through
fluorescence correlation spectroscopy, Supplemental Table 1 (16). Further details on
calculating the total fractional coverage are described in the methods section.

To estimate the steric pressure arising from protein crowding, we divided the free energy,
calculated from equation 3, by the approximate area per polymer chain. In this way, the
steric pressure was approximated as the change in free energy of the sensor per
membrane area. We plotted the approximate steric pressure as a function of the coverage



of the membrane surface by AP180CTD-FL, Figure 1E. Based on these data, we observe
a clear trend of increasing steric pressure as protein coverage increases. Here we have
assumed that the steric pressure restricts the conformational entropy of the disordered
protein domain, which ought to result in partial stretching of its amino acid backbone. To
better understand the mechanisms by which steric pressure is generated, we next sought
to directly probe the straightening of the crowded disordered protein chains.

The disordered domain of AP180 deforms measurably when crowded

Next we probed the stretching of the AP180CTD-FL protein under crowded conditions by
moving the FRET sensor into the protein molecules themselves. For this purpose, we
created a mutant of AP180CTD-FL that contained specific amino acid residues to be used
for conjugation to the membrane surface and the donor fluorophore, respectively. At the
N-terminus, we included a cysteine residue adjacent to a histidine residue, Supplemental
Figure 1. Here, we used the histidine residue to chemically protect the cysteine residue
during chemical conjugation of a second cysteine residue, cysteine 159, which existed
natively within the AP180 C-terminal domain. Protection of the N-terminal cysteine was
achieved by using cadmium ions to form a bridge between the cysteine and adjacent
histidine, an established technique (29). Meanwhile, cysteine 159 was labeled with the
donor fluorophore, ATTO 488-maleimide. The N-terminal cysteine was then de-protected,
via removal of cadmium, and covalently conjugated to lipid vesicles through a reaction
with maleimide functionalized DSPE lipids, which made up 0.5 mol% of the total
membrane composition. As above, the membrane contained 10 mol% of the acceptor-
labeled lipid. Once the membrane was conjugated with donor-labeled AP180CTD-FL, the
surrounding space on the membrane was crowded with increasing concentrations of
unlabeled AP180CTD-FL, which were recruited to the membrane surface through
interactions between their N-terminal 6x-histidine tags and Ni>*-DGS-NTA lipids, Figure
2A. Using this system, we measured the decay of the donor fluorescence as a function
of the concentration of crowders. We observed a shift towards longer donor fluorescence
lifetimes, suggesting that the AP180CTD-FL protein elongated, such that the donor
fluorophore moved further from the acceptor labeled membrane surface as the membrane
became crowded, Figure 2B. To approximate the distance that AP180CTD-FL was
stretched by crowding, we fit a single component exponential decay to the measured
donor decay curve of the sensor, Supplemental Figure 2. We used the average lifetime,
(tpa), Of this exponential to calculate the average FRET efficiency, (E), relative to the
unquenched average lifetime of ATTO 488, (t,), in the absence of acceptors according
to equation 4.
(E) =1 - o2 Equation (4)

(tp)



We used the calculated FRET efficiencies from equation 4 to calculate the characteristic
donor-acceptor distance, (R, 4)°, in each AP180CTD-FL crowding condition, Figure 2C.
The donor-acceptor distance is related to the FRET efficiency through the Forster radius,
Ro, of the donor-acceptor FRET pair, approximately 5.4 nm for ATTO 488 and Texas Red,
equation 5.

(E) = 8

R§+(Rpa)®

Equation (5)

Notably, the donor-acceptor distance calculated in equation 5 does not account for the
distribution of polymer end-to-end distances. However, our calculation of effective
segments described in Figure 1 incorporates the probability distribution of various
polymer configurations on the membrane surface. From these crowding experiments, we
observed an increase of approximately 0.48 nm from an uncrowded environment to the
most crowded condition. This relatively small deformation demonstrates that AP180CTD-
FL does not undergo the dramatic conformational changes required to generate a
polymer-like brush on the membrane surface (30,31). Instead, AP180CTD-FL likely
generates steric pressure using a combination of entropic and electrostatic mechanisms
in the semi-dilute regime of polymer crowding (32). To test the validity of this approach,
we engineered another AP180CTD-FL sensor construct to change the position of the
cysteine with two point mutations, C159A and S395C, Supplemental Figure 3A. We again
conjugated ATTO488 to C395 as described above and observed a significant shift in the
donor fluorescence decay curves, Supplemental Figure 3B. From these data, we
estimated the donor-acceptor distance through equations 4 and 5, observing a shift of
more than 1.1 nm, Supplemental Figure 3C. This shift is in reasonable agreement with
previous measurements of the hydrodynamic radii of AP180CTD chains truncated at
residues 190 and 381 (16). Using this same donor-acceptor distance calculation, we
compare to the change in end-to-end distance of the PEG10K sensor crowded by
AP180CTD-FL from data presented in Figure 1. We observe a similar small change of
approximately 0.8 nm from an uncrowded environment to the most crowded condition,
Supplemental Figure 4. We hypothesize the moderate net negative charge of
AP180CTD-FL could contribute to electrostatic repulsion between chains, leading to an
enhanced crowding effect at high crowding densities. In accord with this hypothesis, we
observed a decrease of 0.52 nm in the donor-acceptor distance of AP180CTD-FL chains
as we increased the ionic strength of the solution from 10 mM NaCl to 1M NacCl, Figure
2D. Notably, this displacement is smaller than expected based on previous
measurements of AP180CTD’s hydrodynamic radius under the same ionic strength
conditions, varying from 10 mM NaCl to 1M NaCl. Therefore, this may indicate that the
AP180CTD interacts with the membrane to some degree (16). Further, we did not use
the previously described polymer model to calculate the effective number of segments for
these changes in crowding or salt conditions, owing to the non-ideal nature of the
disordered protein chain. Additionally, we control for potential changes in the dielectric



environment by measuring the impact of protein crowding on the lifetime of the donor
fluorophore in the absence of acceptor fluorophores, Supplemental Figure 5. We
observed no significant difference in the donor lifetime under crowded conditions. These
results suggest confounding effects such as protein chain entanglement are unlikely to
play a substantial role in the emissive properties of the donor fluorophore. This
observation is in line with previous work where highly crowded AP180CTD-FL diffusion
on planar lipid bilayers did not exhibit any significant anomalous diffusion (9). The
absence of an anomalous component suggests that the proteins diffuse as individual
molecules, rather than undergoing extensive entanglement. However, owing to our lack
of a direct experimental method to probe protein chain-chain entanglement, we cannot
fully rule out this effect. Observing AP180CTD-FL’s sensitivity to ionic strength of the
solution, we next asked to what extent do electrostatic interactions play a role in
generating steric pressure on the membrane surface?

Electrostatic interactions contribute to steric pressure generation by the
disordered domain of AP180

The C-terminal domain of AP180 has a moderate net negative charge of -32 (15). In a
previous work, we observed a substantial decrease in AP180’s hydrodynamic radius in
solutions of high ionic strength, where electrostatic screening is strong (16). This result is
consistent with our finding in Figure 2 that donor fluorophores placed within AP180 come
closer to the membrane surface when AP180’s net charge is screened under conditions
of high ionic strength. Therefore, we hypothesized that AP180CTD-FL’s ability to
generate steric pressure on the membrane could be enhanced by electrostatic repulsion,
Figure 3A. Using the same vesicle composition as described in Figure 1, we repeated our
FRET experiment at ionic strengths of 10 mM, 150 mM, and 1M NaCl, while crowding the
membrane with a fixed concentration of 500 nM AP180CTD-FL, Figure 3B. As ionic
strength increased, the donor fluorescence decay shifted toward shorter times, such that
the effective number of segments used to fit the decay curves increased with increasing
salt concentration, when protein concentration in solution was held constant, Figure 3C.
We next measured the impact of electrostatic screening on coverage and found that it
increased with increasing ionic strength, likely due to a decrease in repulsion between
AP180CTD-FL and the membrane surface, which contains negatively charge Ni?*-DGS-
NTA lipids, Figure 3D. Notably, calculating the coverage requires that measured values
of protein density per membrane area be multiplied by the projected area of AP180CTD-
FL on the membrane surface, which depends on the protein’s hydrodynamic radius. Since
changing the ionic strength of the buffer also changes the hydrodynamic radius of the
protein, we used values for the hydrodynamic radius at each salt concentration previously
determined by Zeno et al. (16). Combining data in Figures 3C and 3D over a range of
protein concentrations in solution, we plotted steric pressure as a function of membrane



coverage for AP180CTD-FL at ionic strengths of 10 mM, 150mM, and 1M NaCl. These
data demonstrate that AP180CTD-FL generates higher pressures at lower salt
concentrations, where electrostatic screening is weakest, such that electrostatic repulsion
makes its strongest contribution. In particular, the steric pressure at 10 mM NaCl is more
than twice that at 1M NaCl. These results demonstrate that electrostatic repulsion
between negatively charged disordered domains makes a substantial contribution to
steric pressure generation at membrane surfaces. We next asked, to what extent does
the length of the disordered domain impact steric pressure?

The length of the disordered domain does not significantly impact steric pressure
generation at constant coverage

To evaluate the effect of protein chain length on steric pressure generated at the
membrane surface, we examined an N-terminal truncation of the C-terminal domain of
AP180 (AP180CTD-1/3), which consisted of approximately the first third (190 amino
acids) of the full-length protein, Supplemental Figure 6. Using the same methods and
vesicle composition as described above, we used the PEG 10K sensor to examine steric
pressure generation by AP180CTD-1/3 on crowded membrane surfaces, Figure 4A. As
the concentration of AP180CTD-1/3 increased in solution, we observed that the donor
fluorescence decay curve shifted towards longer times, similar to our results with
AP180CTD-FL, Figure 4B. Using the same approach described above, we evaluated the
impact of AP180CTD-1/3 on the effective number of segments in the PEG 10K sensor,
and used the change in effective segment number to estimate the change in free energy
per membrane area upon crowding by AP180CTD-1/3, Figure 4C. Additionally, we
measured the coverage of AP180CTD-1/3 on the membrane surface using the tethered
vesicle assay, Figure 4D. Using these data, we constructed a pressure-coverage curve
for AP180CTD-1/3, which is plotted alongside the curve for AP180CTD-FL, Figure 4E.
Interestingly, we observed that AP180CTD-1/3 generated only slightly less pressure than
AP180CTD-FL. Further, when we reduced the contribution of electrostatic interactions by
increasing the ionic strength of the solution to 1M NaCl, the pressure versus coverage
curves for AP180CTD-1/3 and AP180CTD-FL collapsed onto approximately the same
curve, Figure 4F.

Notably, when rigid particles are crowded, steric pressure increases with the inverse
particle size, when coverage is held constant. Therefore, the lack of a clear dependence
on protein molecular weight in our results likely arises from the flexible, polymer-like
nature of intrinsically disordered proteins. Why would steric pressure generation be
essentially independent of chain length at constant membrane coverage for disordered
proteins? First, it is important to note that the coverage of the membrane surface by
proteins in our measurements is in the semi-dilute regime, approximately 20-50% (32). In
this regime, adjacent polymers begin to contact one another, yet the polymer chains are



not substantially reconfigured or stretched by these interactions, as demonstrated by the
data in Figure 2. Therefore, for long chains, monomers have a similar probability of
interacting, whether they are part of the same chain or are derived from two adjacent
chains. In this way, interactions among the chains depends more on the overall monomer
concentration than on the lengths of the individual chains. Under these assumptions, the
Des Cloiseaux law, a well-known result from polymer physics, describes the
thermodynamics of polymers (32,33). Specifically, the Des Cloiseaux law predicts the
thermodynamic properties of polymers in the semi-dilute regime must reach a limit that
depends on monomer concentration, but is largely independent of the degree of
polymerization, i.e. the length of the chains. It follows that in this semi-dilute regime, the
local free energy is controlled mainly by the monomer concentration in the solution. Thus,
the osmotic pressure, which is analogous to the steric pressure we measure, can be
described by equation 6, where [1 is osmotic pressure, a is segment length, T is
temperature, and @ is coverage.

Ma3 2 .
—— = constants Equation (6)

Equation 6 predicts that, for idealized chains at a fixed coverage, pressure should be
largely independent of chain length, increasing approximately as the 9/4 power of
coverage. This trend is in reasonable agreement with the pressure versus coverage
curves for AP180CTD-FL and AP180CTD-1/3 at 1M NaCl, Figure 4F.

In order to further investigate the impact of chain length on steric pressure generation, we
also examined crowding by membrane-tethered polyethylene glycol (PEG) chains. As
synthetic homopolymers, PEG chains are perhaps better approximated as idealized
chains, as assumed by the Des Cloiseaux law. For these experiments, we used a similar
vesicle composition as described above with 1 mol% donor-labeled PEG 10K as our
sensor and 10 mol% Texas Red-DHPE to quench the donor. However, instead of
incorporating Ni?*-DGS-NTA lipids into the vesicles, we used an increasing mol% from
2.25% to 5% of PEGylated DSPE lipids to crowd the membrane surface. We performed
our FRET experiments as described above and calculated the corresponding steric
pressure for each PEG crowding condition. In order to approximate the number density
of crowding PEGs on the membrane surface, we again used the tethered vesicle assay,
see methods. Figure 4G plots steric pressure as a function of the number density of PEG
chains on the membrane surface. When number density was held constant, steric
pressure increased with increasing length of the PEG chain, owing to the higher coverage
of the larger chains. However, when steric pressure was plotted as a function of
membrane coverage, all the curves collapsed onto a single curve, Figure 4H, as predicted
by the Des Cloiseaux scaling. Here the hydrodynamic radii of the PEG chains are used
to estimate coverage, based on the measured values of number density, see methods.
We surmise that Equation 6 provides a reasonable qualitative fit to these data, given that
the resolution of our sensor is limited at low pressures (14). Taken together, these data



demonstrate that steric pressure generated by crowded polymer-like molecules on
membrane surfaces has a weak dependence on chain length, in the semi-dilute regime
for long chains, in approximate agreement with the Des Cloiseaux scaling. Notably, the
scaling of steric pressure with chain length is likely to become more complicated when a
broader range of lengths is considered, and the Des Cloiseaux scaling may not accurately
describe the full range of physiologically relevant disordered protein chains.

The disordered domain of AP180 drives membrane vesiculation by a mechanism
that is largely independent of protein chain length

We have previously shown that intrinsically disordered protein domains are capable of
generating sufficient steric pressure to drive vesiculation, or breakup of membrane
vesicles to form smaller “daughter” vesicles (34). Here we asked how the ability to drive
vesiculation might depend on the length of the disordered protein domain. As shown in
Figures 1C and 4C, the highest measured free energies of around 20 kzT, which is
approximately 0.2 kzT/nm?, are in line with the pressure required to vesiculate the
membrane from estimates in literature (2). Specifically, we compared membrane
vesiculation by AP180CTD-FL and AP180CTD-1/3, Figure 5A. We used a quantitative
fluorescence approach to measure the distribution of vesicle diameters following protein
exposure, a technique that we have reported previously, Figure 5B (28,34). Briefly,
vesicles were incubated with either AP180CTD-FL or AP180CTD-1/3 at concentrations
varying from 20 nM to 4 uM for 1 hour at room temperature. After incubation, the resulting
vesiculation products were tethered to a biotin-NeutrAvidin functionalized coverslip. The
distribution of vesicle diameters was then determined by comparing the fluorescence
intensity distributions before and after exposure of the vesicles to proteins. Here an
approximate conversion between vesicle brightness and vesicle diameter was
determined by comparing the brightness distribution of vesicles prior to protein exposure,
with the distribution of diameters, measured using dynamic light scattering. Additional
details can be found in the methods section and in our previously published work (28,34).
We observed a steady decrease in vesicle diameter with increasing concentration of
protein in solution, Figures 5C, 5D. Using the previously measured coverage of each
protein on the membrane surface as a function of its concentration in solution, Figures
1D and 4D, we plotted vesicle diameter as a function of membrane coverage by proteins,
Figure S5E, and as a function of steric pressure, Figure 5F. As the fractional membrane
coverage of AP180CTD-FL and AP180CTD-1/3 increased to about 50%, we observed a
decrease in vesicle diameter to around 35 nm. Importantly, when we compare
AP180CTD-FL and AP180CTD-1/3 at equal membrane coverage, similar amounts of
steric pressure are generated and similar trends of membrane fission to smaller diameters
occur. Notably, this result is in line with previous work showing that the disordered domain
of Amphiphysin1 is also capable of driving membrane fission when it becomes crowded



on membrane surfaces, suggesting a general mechanism of membrane fission that
depends on membrane coverage rather than a specific amino acid sequence (10). This
result demonstrates that AP180CTD drives membrane fission by a mechanism that is
largely independent of its chain length, when membrane coverage is held constant.

Conclusions

In this work, we demonstrate the first measurement of steric pressure generated by
disordered proteins bound to membrane surfaces. Using this measurement, we have
shown that the moderate net negative charge of AP180CTD-FL contributes to its ability
to generate steric pressure at membrane surfaces. Further, AP180CTD-FL elongates
slightly when crowded by sufficient membrane coverage. This slight elongation suggests
that crowding occurs in the semi-dilute regime of coverage on the membrane surface.
From these results, we hypothesized that both the electrostatic repulsion between chains
and steric effects of crowding led to pressure generation on the membrane surface.
Interestingly, we found that pressure generated by disordered proteins was largely
independent of the amino acid chain length. We confirmed these results by examining
crowded PEG chains on membrane surfaces, which provided a model of an ideal
homopolymer. Interestingly, the Des Cloiseaux scaling for free polymers in the semi-dilute
regime offers a reasonable explanation for the relative independence of steric pressure
on chain length at constant membrane coverage. Finally, we investigated the impact of
steric pressure on the physical processes of membrane vesiculation. Here we found that
the capacity for membrane vesiculation was largely independent of disordered protein
length, when membrane coverage was held constant. These results demonstrate a
general polymer-like crowding mechanism for generating steric pressure and ultimately
shaping and vesiculating membrane surfaces.

Our work contributes to a physical understanding of how disordered domains generate
steric pressure at membrane surfaces. Future work has the potential to develop a
predictive understanding of the role of intrinsically disordered proteins and steric pressure
in membrane bending and vesiculation processes in the cell. Specifically, during clathrin-
mediated endocytosis the plasma membrane is remodeled from a flat surface to a highly
curved bud through dynamic membrane bending processes orchestrated by dozens of
adaptor proteins. This is well represented in our experiments where the initial curvature
of our SUVs relative to a flat membrane differ by only 0.01 nm', while the final curvature
of highly crowded vesicles approach 0.04 nm'. More than 30% of the proteins involved
in clathrin-mediated endocytosis contain long disordered regions of at least 100 amino
acids (35). Our work suggests that any of these regions could contribute significantly to
steric pressure generation and membrane bending, suggesting that the “proteome” of
membrane remodeling may be much larger than previously imagined.



Materials and Methods

Materials

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and Ni?*-DGS-NTA (1,2-dioleoyl-sn-
glycero-3-[(N-(5-amino-1- carboxypentyl)iminodiacetic acid)succinyl] nickel salt) were
purchased from Avanti Polar Lipids, Inc. DP-EG10-biotin (dipalmitoyl-decaethylene-
glycol-biotin) was generously provided by Darryl Sasaki from Sandia National
Laboratories, Livermore, CA. ATTO 488 NHS-ester was purchased from ATTO-TEC
GmbH. NeutrAvidin and Zeba spin desalting columns were purchased from Thermo
Fisher Scientific. TCEP (Tris(2-carboxyethyl) phosphine hydrochloride), EDTA-free
protease inhibitor tablets, PLL (poly-L-lysine), Texas Red-DHPE (1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, triethylammonium salt), DMSO (dimethyl sulfoxide),
cadmium chloride, EDTA (Ethylenediaminetetraacetic acid), and Thrombin CleaveCleave
Kit were purchased from Sigma-Aldrich. Sodium chloride, potassium chloride, sodium
bicarbonate, HEPES (4-2(2-hydroxymethyl)-1- piparazineethanesulphonic acid), IPTG
(isopropyl-B-D-thiogalactopyranoside), and Triton X-100 were purchased from Fisher
Scientific. Amine reactive PEG (mPEG-Succinimidyl Valerate MW 5000) and PEG-biotin
(Biotin-PEG SVA MW 5000) were purchased from Laysan Bio, Inc. Amicon Ultra
centrifugal filter units were purchased from MilliporeSigma. PEG 3.4K, 5K, and 10K DSPE
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine) SH2, PEG 10K DSPE-NH2, and
DSPE-maleimide were purchased from Nanosoft Polymers. Centri-spin-20 size exclusion
columns were purchased from Princeton Separations. All reagents were used without
additional purification.

Methods
Quantitative FRET Measurements by TCSPC

Coverslips with #1.5 thickness (0.17 mm) were cleaned by a heated acid, base, and
hydrogen peroxide washing technique. To passivate the surface of the coverslip before
imaging, we created a supported lipid bilayer in small silicone wells on the coverslip. This
bilayer prevented significant lipid or protein binding to the coverslip. Vesicles were mixed
with protein and incubated for 30-45 minutes. We then added the vesicle-protein mixture
to the wells and proceeded to collect fluorescence lifetime data. Vesicles diffused in and
out of the excited focal volume in solution and donor sample fluorescence was collected.
A homebuilt point-scanning confocal microscope was used to acquire all lifetime data. A
486 nm picosecond pulsed diode laser at a repetition rate of 50 MHz was used to excite
the donor fluorophore (ATTO 488). The laser beam was focused 5 ym above the surface
of the glass coverslip using a piezoelectric stage (Mad City Labs). Sample fluorescence
was collected by a 100x magnification, 1.4 NA microscope objective, focused through a
pinhole onto a GaAsP photomultiplier tube (Hamamatsu). Sample fluorescence was



passed through a 511 nm bandpass emission filter with a 20 nm bandwidth before arriving
at the photomultiplier tube. The photomultiplier tube output pulses were amplified and
sent to specialized electronics for time-correlated single-photon counting (Becker and
Hickl). Donor fluorescence decay curves were collected as an ensemble measurement
of many vesicles for 100-300 seconds, and 9-30 decay curves were collected across at
least two independent samples per data point.

Lipid vesicle preparation for FRET

Small unilamellar vesicles (SUVs) were prepared, which incorporated 1 mol% of PEG
10K, covalently attached to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE).
The free ends of the PEG chains displayed an amine group, which we used to attach the
donor fluorophore to the end of the PEG chain (Nanosoft Polymers), as described below.
Texas Red covalently attached to 1,2-Dihexadecanoyl-sn-Glycero-3-
Phosphoethanolamine (DHPE) served as the acceptor fluorophore in the FRET system,
and was included in the lipid composition at 10 mol%. 16 mol% of 1,2-dioleoyl-sn glycero-
3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] nickel salt (Ni?*-DGS-NTA)
was used to bind 6x histidine tagged AP180CTD-FL and AP180CTD-1/3 proteins in all
experiments. 1 mol% dipalmitoyl-decaethylene-glycolbiotin (DP-EG10-biotin) was
incorporated into the vesicles for all tethered vesicle experiments. The remainder of each
vesicle composition consisted of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). The
lipids were mixed in a clean glass test tube, the solvent was evaporated, and the lipid film
was further dried under vacuum overnight. The dried lipid film was hydrated in 20 mM
sodium bicarbonate, 150 mM KCI, pH 8.2 at room temperature for 15 minutes. The lipid
mixture was then extruded through a filter with 100 nm pores. The extruded vesicles were
then incubated with the donor dye (100 uM of NHS-ester functionalized ATTO 488) for 1
hour at room temperature. We then successively washed the excess dye out from the
mixture using 100K Amicon spin filter units (MilliporeSigma cat#UFC510024). In order to
minimize background levels of free dye in solution, the solution surrounding the vesicle
was effectively diluted by 10'* fold during the washing step, where the vesicles were
finally left in the experimental buffer consisting of 25 mM Hepes, 150 mM NaCl, pH 7.35.

Protein Expression and Purification

AP180CTD and related constructs were each expressed as fusion proteins with an N-
terminal GST tag for increased stability. GST was subsequently removed by thrombin
cleavage. E. coli BL21 competent cells (NEB Cat#C2530), transformed with a plasmid
encoding either AP180CTD-FL or AP180CTD-1/3, were grown at 30°C until the
suspension reached an OD600 of 0.8. Protein expression was induced with 1 mM IPTG



for 6-8 h at 30 °C. Cells were pelleted and stored at -80 °C. The whole protein purification
was performed at 4 °C. Cells were resuspended in lysis buffer [0.5 M Tris pH 8.0, 5 mM
EDTA, 5 viv % glycerol, 5 mM DTT, Roche protease inhibitor cocktail (Roche
cat#05056489001) pellets 1/50 mL] + 1 v/v% Triton X-100. The suspension was sonicated
on ice (4 x 2000 J). The mixture was clarified by centrifugation at 26581g for 25 min, and
the supernatant was chromatographed on a glutathione Sepharose column. The column
was washed with 10 column volumes of lysis buffer + 0.2% Triton X-100 followed by
another 5 column volumes of lysis buffer with no added Triton X-100. GST-containing
proteins were eluted from the column with 15 mM glutathione in lysis buffer and
exchanged into 50 mM Tris (pH 8.0), 10 mM CaClz, 150mM NaCl, 5mM EDTA using a
Zeba desalting column (Thermo Scientific cat#89891). GST was cleaved using the
Thrombin CleanCleave kit (Sigma-Aldrich cat#RECOMT) for 14 h at 4 °C with gentle
rocking. The cleaved GST and any uncut fusion protein was removed with another
glutathione Sepharose column. Purified protein was then concentrated using an Amicon
Ultra-15 centrifugal filter (MilliporeSigma cat#UFC903024) and stored as liquid nitrogen
pellets at -80 °C.

Protein Labeling

ATTO-488 NHS-ester was dissolved in dimethyl sulfoxide (DMSO) at a concentration of
10 mM and stored at -80 °C. Primary amines within the proteins were then labeled in
buffer consisting of in 20 mM sodium bicarbonate, 150 mM KCI, pH 8.2. Protein
concentration varied from 20 to 150 uyM. The dye solution in DMSO was added to the
protein solution at a stoichiometric ratio of 3 dye molecules per protein molecule and
allowed to react for 30 minutes at room temperature. The total amount of DMSO present
never exceeded 1 v/v %. Labeling ratios for the proteins varied from 0.5 to 2.1 dyes per
protein. Unreacted dye was removed using Centri-Spin-20 size exclusion columns
(Princeton Separations). Protein and dye concentrations were measured using UV-vis
spectroscopy, and labeled proteins were stored at —-80 °C.

Protected Cysteine Labeling of AP180CTD-FL.

In order to label AP180CTD-FL at a specific site, we introduced N-terminal cysteine (C8)
and histidine (H7) residues directly adjacent to each other in the linker region of
AP180CTD-FL, Supplemental Figure 1. We used a previously published technique of
labeling site specific cysteine residues by reversible cadmium metal protection (29). The
cysteine metal affinity for cadmium is enhanced by an adjacent histidine residue,
therefore making the cysteine inaccessible to standard maleimide labeling techniques. In
contrast, the second native cysteine (C159) has no histidine adjacent to it, and therefore
does not bind cadmium, making it accessible for maleimide labeling. We first protected



the N-terminal cysteine, C8, by buffer exchanging AP180CTD-FL into 25 mM HEPES,
150 mM NaCl, 1 mM CdCl,, pH 7.35 through a 10"-fold dilution of the solution using
Amicon 10K spin filter (MilliporeSigma cat#UFC501024) washes at 4C. Specifically, we
diluted 50 pL of protein with 450 pL of buffer for a total 10x dilution and centrifuged the
spin filter unit at 17,000 x g for 8 minutes to concentrate the solution back down to 50 L.
We repeated this dilution and concentration 6 more times for a total of 7 washes. We then
transferred the washed protein solution to another spin filter unit and repeated the washes
another 7 times for a total of 14 washes. After buffer exchange into the CdCl2 buffer, we
incubated the protein with a 2-fold molar excess of ATTO 488-maleimide for 45 minutes
at room temperature to label C159. The protein-dye mixture was then diluted 10-fold into
25 mM HEPES, 150 mM NaCl, 10mM EDTA pH 7.35 and incubated for 10 minutes at
room temperature to deprotect C8 by chelating the CdClz in solution. We washed out the
excess free dye, CdCl», and EDTA with another 10'4-fold dilution of the solution through
10 K Amicon spin filter washing using 25 mM HEPES, 150 mM NaCl, pH 7.35 at 4C.
Finally, vesicles were prepared according to the “Lipid vesicle preparation for FRET”
section, containing 73.5 mol % DOPC, 0.5 mol % DSPE-maleimide, 16 mol % Ni?*-DGS-
NTA, and 10 mol % Texas Red-DHPE. The 488-labeled AP180CTD-FL was incubated
with the vesicles for 1 hour at room temperature. The vesicle-protein mixture was then
washed with 100 K Amicon spin filters and the excess, unconjugated protein was diluted
out by 10'*-fold. The resulting vesicles had N-terminally conjugated, C159 ATTO 488-
labeled AP180CTD-FL to be used as a protein FRET sensor.

Measuring Membrane Coverage by AP180CTD-FL and AP180CTD-1/3

We used a tethered vesicle assay to obtain a measurement of membrane coverage by
AP180CTD-FL and AP180CTD-1/3 (34). Vesicles for these experiments were composed
of 81.95 mol % DOPC, 1 mol % DP-EG10-biotin, 1 mol % PEG 10K-DSPE, 16 mol % of
Ni2*-DGS-NTA, and 0.05 mol % Texas Red-DHPE. Lipid vesicles were prepared as
described above through extrusion. Imaging wells were made by placing silicone gaskets
onto ultraclean coverslips. Wells were coated for 20 min with biotinylated PLL-PEG. The
biotinylated PLL-PEG was prepared according to a previously published protocol (36).
After incubation, the well was washed repeatedly with a buffer containing 25 mM HEPES,
150 mM NaCl, and 1 mM TCEP pH 7.35. Neutravidin was added to the well at a final
concentration of 0.2 mg/mL, incubated for 10 min, and washed out with HEPES buffer.
The biotinylated vesicles were diluted to 2 yM and incubated in the well for 15 minutes to
bind to the neutravidin. The excess, unbound vesicles were washed out with HEPES
buffer. Protein was then incubated in the well to bind to the vesicles at various
concentrations. The tethered vesicles were then imaged on a Zeiss spinning disk confocal
microscope. At least 10 images were taken for each protein concentration. All images
were cropped to the center 171 x 171 pixels of the 512 x 512 pixel field of view to account



for uneven illumination at the edges. Fluorescence amplitudes of diffraction-limited puncta
were obtained using the cmeAnalysis particle detection software in Matlab (37). This
program detected individual vesicles by fitting two-dimensional Gaussian profiles to each
puncta in the lipid fluorescence channel. We then used the centroids of the fluorescent
puncta in the lipid channel to define the search region for fluorescent puncta in the protein
channel. The dimension of the search region was three times the standard deviation of
the Gaussian fit to the point spread function of our microscope. Using these detected
fluorescent intensities, we estimated vesicle diameter from lipid fluorescence values by
computing a scaling factor, which centered the median of the vesicle brightness
distribution, prior to adding protein, to the number-weighted average vesicle diameter
obtained from dynamic light scattering. We estimated the number of bound proteins on
each vesicle by comparing brightness values in the protein channel to the brightness of
a single molecule of ATTO 488 labeled hisENTH, a globular protein used for the purpose
of single molecule calibration, which was measured using the same microscope settings.
Membrane coverage was then estimated by dividing the total area occupied by the bound
proteins by the approximate surface area of the vesicle, equation 7.

PRrAp

mr) Equation (7)
Here, C is total membrane coverage, Pr is number of proteins bound to the membrane,
Ap is the area occupied on the membrane surface by the protein, R is the radius of the
vesicle, and rp is the radius of the protein. We approximated the area occupied per protein
on the membrane, A,, by using hydrodynamic radius values, rp, previously reported by
Zeno et al (16). Importantly, we also used equation 7 to calculate the membrane coverage
by PEG 10K in the same manner, using an estimate of the radius of gyration (3.3 nm) as
a freely-jointed random walk for PEG 10K. The total membrane coverage is the sum of
the protein coverage and PEG coverage on the lipid vesicles. Notably, as the disordered
proteins elongate from crowding, the area occupied on the membrane surface will change
accordingly. However, owing to the small end-to-end distance changes from crowding
measured in Figure 2, we do not expect the 2D area occupied by the disordered proteins
to change by more than 10%. Accordingly, this correction was not made in our
calculations, but could be a small source of error in calculating total fractional coverage.

Crowding Lipid Vesicles With PEGylated lipids

To crowd the membrane surface with PEG chains of varying length, we used DSPE lipids
with PEG groups covalently attached to the lipid head group by the manufacturer
(Nanosoft Polymers). PEG 10K was included in all experiments as our polymeric sensor.
For FRET experiments, PEG 10K-NH> was labeled with ATTO 488 NHS ester. The
crowding PEG lipids were left unlabeled. As described above, 10 mol% of Texas Red-
DHPE acceptor lipid was incorporated into the membrane. Separate batches of vesicles



were created with an increasing mol % of crowding PEG lipid (2.25%, 3.5%, and 5%). For
coverage experiments, the PEG 10K-NH2 sensor was left unlabeled, and instead we used
a thiol group on the crowding PEGs to label with ATTO 488-maleimide. In this way, we
keep the membrane composition the same while also being able to count the number of
crowding PEGs without labeling complications from the PEG 10K sensor. Coverage
experiments and analysis were performed as described above. To estimate the
hydrodynamic radius of our various sizes of PEGs, we used a simple self-avoiding
random walk model according to equation 8 (38):

JRZ) = \/T% Equation (8)

where R is radius of gyration, L is contour length of the polymer, and ¢, is persistence
length of the polymer. We used a previously measured experimental value of 3.8 A for
the persistence length of PEG to calculate RZ for our various PEG sizes (39).

Measuring Membrane Fission by AP180CTD-FL and AP180CTD-1/3.

We used the experimental methods described in the “Measuring Membrane Coverage by
AP180CTD-FL and AP180CTD-1/3" section to measure vesicle size over a range of
membrane coverages. Vesicles were composed of 81.95 mol % DOPC, 1 mol % DP-
EG10-biotin, 1 mol % PEG 10K-DSPE, 16 mol % of Ni>*-DGS-NTA, and 0.05 mol %
Texas Red-DHPE. Lipid vesicles were prepared through extrusion as described in the
“Lipid vesicle preparation for FRET” section. Notably, 0.05 mol% Texas Red-DHPE was
used to eliminate confounding intensity-based FRET effects in this measurement. While
the binding efficiency of the 6x histidine tagged proteins is not expected to be affected by
this change in membrane composition, a small amount of error may be introduced by the
concentration of Texas Red-DHPE being different in the coverage experiments compared
to the pressure measurement experiments. AP180CTD-FL or AP180CTD-1/3 proteins at
varying concentrations (20 nM to 4 uM) were incubated with vesicles for 1 hour at room
temperature. The protein—vesicle solution was then tethered to the biotinylated PLL-PEG
functionalized coverslip for 1 hour. Image acquisition and analysis was performed as
described above. Notably, we estimated vesicle diameter from lipid fluorescence values
by computing a scaling factor, which centered the median of the vesicle brightness
distribution, prior to adding protein, to the number-weighted average vesicle diameter
obtained from dynamic light scattering (DLS). This DLS measurement was performed for
every set of vesicles on the day of the experiment. After addition of protein to the sample,
the fluorescence intensity of each tethered vesicle puncta in the lipid channel decreased
according to how much fission occurred and how small the vesicles became. This change
in vesicle size over a range of membrane coverages by AP180CTD-FL or AP180CTD-
1/3 shown in Figure SE.



Polymer Extension Model

We sought to relate the donor fluorescence decay, which is a distribution of donor
lifetimes, to the distribution of polymer end to end distances. DiMarzio and McCrackin
have derived an analytical relationship that describes the distribution of end to end
distances for a one-dimensional, freely-jointed polymer chain, which is tethered to a
surface, equation 9 (27).

Pehain(N,2) = (i)% (M) exp (— i) Equation (9)

TN N 2N

For a polymer of N rigid segments, P.,,in (N, 2) is the probability of a particular end to end
distance, z, in units of rigid segment number. For a freely-jointed chain, the length of each
rigid segment, or Kuhn length, is equivalent to the persistence length, a quantity which is
often measured in experiments (32). When comparing this model to a real, three-
dimensional polymer, N represents the number of rigid segments in the dimension normal
to the membrane surface, which is approximately one third of the total number of
segments in the polymer. We used this distribution, along with the relationship between
fluorescence lifetime and donor-acceptor separation distance, to create a family of
predicted donor fluorescence decay curves for polymer chains with an increasing number
of segments, N. Specifically, for each value of z, holding N fixed, the probability of donor
excitation P,,,,, as a function of time, t, can be calculated using equation 10.

Paonor(t,z) = exp (_ i) Equation (10)

Here 7,4 is the donor lifetime in the presence of acceptors. Given the high concentration
of acceptor-labeled lipids in the membrane, we assume that there will always be an
acceptor almost directly below the donor on the membrane surface, such that the
acceptor and donor are only separated by the displacement of the donor along the axis
perpendicular to the membrane surface. Notably, acceptor dyes were also present in the
internal membrane leaflet, but were separated from the donor by the thickness of the
membrane, an additional 3-5 nm. Owing to the extremely strong dependence of FRET on
distance, this population of acceptors was expected to have a negligible impact on the
lifetime of the donor and was therefore omitted from our calculations. Equation 11
describes FRET between the donor and acceptor, where t;, is the donor lifetime in the
absence of acceptors, Ro is the Forster radius of the donor-acceptor dye pair, and ris the
length of each rigid segment within the polymer.

———— Equation (11)

o

This expression can be used to represent 7, in terms of z, r,Ro, and 7, resulting in
equation 12.

_ _™
Tpa = 5



Paonor (t,2) = exp (— (£) (1 + (R—0)6)> Equation (12)

Once the donor fluorescence decays, Py.nor(t, z), have been calculated for all possible
values of z, and fixed N, the expected fluorescence decay from the tethered
polymer, Py..q,, Can be expressed as the sum of these decays, each weighted by its

normalized probability within the distribution in equation 1, P22/ yielding equation 13.

Pdecay(t; N) = Zgzl(}[(Pdonor (t)) (Pcnhocrirgal(N' Z)) Equation (1 3)

Pyecay Was calculated for a range of possible N values, and convoluted with the instrument
response function as determined from the measured instrument response to signal from
nonresonant Raman scattering in water. Then, with N as the only free parameter, we
chose the calculated distribution with the least sum of squared error relative to the
experimentally measured distributions in Figure 1C. Here the rigid segment length, r,
which is equivalent to the persistence length for a freely-jointed chain (32) was held fixed
at 3.8 angstroms, an experimentally measured value (39). The value of Ro was chosen
such that the data for all chain lengths were best fit by calculated decay curves
corresponding closely to the known number of segments, N, within the polymer chains.
The resulting value of Ro, 50 angstroms, is similar to the value of Ro calculated form the
fluorescence spectra of the donor and acceptor dyes, 54 angstroms.
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Figure 1. The disordered domain of AP180 generates steric pressure on membrane
surfaces. The membrane composition was 72 mol% DOPC, 16 mol% Ni?*-DGS-NTA, 1 mol%
DP-EG10-biotin, 1 mol% PEG 10K-DSPE-NH;, and 10 mol% Texas Red-DHPE. Vesicles were
extruded to a diameter of 100 nm. The FRET donor was ATTO 488 labeled PEG 10K-DSPE-NH.,
with the label on the free end of the polymer. The FRET acceptor was Texas Red-DHPE. (A)
Schematic of the FRET sensor. PEG 10K polymers are crowded by AP180CTD-FL. (B) Donor
fluorescence decay curves upon crowding with increasing concentrations of AP180CTD-FL
(uncrowded black line, 200nM red line, 500nM blue line, and 2uM purple line). Curves are
displayed with a moving average over a 10-point interval to better visualize the shift in decay
curves. (C) Decrease in the number of polymer segments needed to fit each donor fluorescence
decay curve as the concentration of AP180CTD-FL increases. The corresponding free energy is
calculated for each effective segment decrease. (D) Measured fractional coverage of the
membrane surface by AP180CTD-FL domains as protein concentration in solution increases. (E)
Approximate steric pressure generated by AP180CTD-FL at the membrane surface with
increasing fractional membrane coverage. Representative FRET curves for B were chosen from
two independent experiments with 10-12 trials per experiment for a total of 20—24 trials. Markers
in C—E represent an average from two independent experiments with 10-16 trials per experiment
for a total of 20 to 32 total trials. Error bars in C are calculated as standard deviation of the mean.
Error bars in D and E are calculated as standard error of the mean.

Figure 2. AP180CTD-FL deforms in response to changes in crowding and ionic strength.
The membrane composition was 72.5 mol% DOPC, 16 mol% Ni?*-DGS-NTA, 1 mol% DP-EG10-
biotin, 0.5 mol% DSPE-MAL, and 10 mol% Texas Red-DHPE, extruded to a diameter of 100 nm.
(A) Schematic of the FRET sensor embedded within AP180CTD-FL. Crowding by other unlabeled
AP180CTD-FL domains occurs with increasing membrane coverage. (B) Donor fluorescence
decay curves upon crowding with increasing concentration of AP180CTD-FL (uncrowded black
line, 250 nM red line, 500 nM blue line). (C) Increase in the characteristic donor-acceptor distance
of AP180CTD-FL as protein concentration in solution increased. (D) Decrease in the average
donor-acceptor distance of AP180CTD-FL as the ionic strength of the solution increased.
Representative FRET curves for B were chosen from two independent experiments with 10-11
trials per experiment for a total of 20-22 trials. Bars in C and D represent an average from two
independent experiments with 10—11 trials per experiment for a total of 20 to 22 total trials. Error
bars in C and D are calculated as standard error of the mean. P values in C and D were calculated
using unpaired, two-tailed Student's t tests. *P < 0.05, **P < 0.01.

Figure 3. lonic strength impacts steric pressure generated by AP180CTD-FL. The
membrane composition was 72 mol% DOPC, 16 mol% Ni?*-DGS-NTA, 1 mol% DP-EG10-biotin,
1 mol% PEG 10K-DSPE-NH,, and 10 mol% Texas Red-DHPE. Vesicles were extruded to a
diameter of 100 nm. (A) Schematic of the electrostatic interactions between AP180CTD-FL
domains and the impact on crowding the PEG sensor. (B) Donor fluorescence decay curves with
decreasing NaCl concentration (1 M NaCl black line, 150 mM NacCl red line, and 10 mM NaCl
blue line). All curves shown are at a constant protein concentration of 500 nM AP180CTD-FL.
Curves are displayed with a moving average over a 10-point interval to better visualize the shift



in decay curves. (C) Increase in number of polymer segments needed to fit each donor
fluorescence decay curve at a constant protein concentration (500 nM) as the NaCl concentration
in solution increased. (D) Measured fractional coverage of the membrane surface by AP180CTD-
FL at a constant protein concentration (500 nM) as the NaCl concentration in solution increased.
(E) Approximate steric pressure generated by AP180CTD-FL at the membrane surface with
increasing NaCl concentration. Representative FRET curves for B were chosen from two
independent experiments with 10-12 trials per experiment for a total of 20-24 trials. Bars in C
and D represent an average from two independent experiments with 10—-14 trials per experiment
for a total of 20 to 28 total trials. Error bars in C are calculated as standard deviation of the mean.
Error bars in D and E are calculated as standard error of the mean.

Figure 4. The chain length of AP180CTD and PEG does not significantly impact steric
pressure generated at the membrane surface at constant coverage. For AP180CTD
crowding experiments, the membrane composition was 72 mol% DOPC, 16 mol% Ni**-DGS-NTA,
1 mol% DP-EG10-biotin, 1 mol% PEG 10K-DSPE-NH2, and 10 mol% Texas Red-DHPE. Vesicles
were extruded to a diameter of 100 nm. For PEG crowding experiments, the membrane
composition was 83-85.75 mol% DOPC, 1 mol% DP-EG10-biotin, 1 mol% PEG 10K-DSPE-NH,
2.25-5 mol% PEG 3.4K-DSPE-SH,, PEG 5K-DSPE-SH;, or PEG 10K-DSPE-SH, and 10 mol%
Texas Red-DHPE. (A) Schematic of AP180CTD-1/3 crowding the PEG sensor. (B) Donor
fluorescence decay curves upon crowding with increasing concentration of AP180CTD-1/3
(uncrowded black line, 500nM red line, 2 uM blue line). Curves are displayed with a moving
average over a 10-point interval to better visualize the shift in decay curves. (C) Decrease in the
number of polymer segments needed to fit each donor fluorescence decay curve as the
concentration of AP180CTD-1/3 increased. The corresponding free energy was calculated for
each effective segment decrease. (D) Measured fractional coverage of the membrane surface by
AP180CTD-1/3 domains as protein concentration in solution increased. (E) Approximate steric
pressure generated by AP180CTD-1/3 compared to AP180CTD-FL as membrane coverage
increased with 150 mM NaCl in solution. (F) Approximate steric pressure generated by
AP180CTD-1/3 compared to AP180CTD-FL as membrane coverage increased with 1M NaCl in
solution. All data points were grouped together and fit (red line) by a power law, y = Ax®*, where
A was a free fitting parameter. (G) Calculated free energy of PEG crowding for different sizes of
PEG as the number density of PEG chains on the membrane surface increased. (H) Approximate
steric pressure associated with crowding different sizes of PEG as the fractional membrane
coverage of PEG chains increased. All data points were grouped together and fit (red line) by a
power law, y = AxY*, where A was a free fitting parameter. Representative FRET curves for B
were chosen from two independent experiments with 9-11 trials per experiment for a total of
18-22 trials. Markers in C—H represent an average from two independent experiments with 10-18
trials per experiment for a total of 20 to 36 total trials. Error bars in C are calculated as standard
deviation of the mean. Error bars in D and E are calculated as standard error of the mean. Error
bars in C were calculated as standard deviation of the mean. Error bars in D-H were calculated
as standard error of the mean.



Figure 5. Disordered domains that achieve similar pressure on the membrane surface drive
equivalent levels of membrane fission. The membrane composition was 81.9 mol% DOPC, 16
mol% Ni?*-DGS-NTA, 1 mol% DP-EG10-biotin, 1 mol% PEG 10K-DSPE-NH,, and 0.05 mol%
Texas Red-DHPE. Vesicles were extruded to an initial diameter of 100 nm. (A) Schematic of
membrane crowding by disordered proteins and resulting fission. Vesicles started at a radius of
Ro and underwent fission into several smaller vesicles, ending with a radius of R;. (B) Fluorescent
images of lipid vesicles acquired by spinning disk confocal microscopy. Vesicles were crowded
by AP180CTD-FL and AP180CTD-1/3 and underwent fission, resulting in a significantly
decreased fluorescence intensity. An example puncta is highlighted by a yellow box to show the
fluorescence distribution. Scale bars are 5 um. (C) Distributions of vesicle diameters as the protein
concentration of AP180CTD-FL (black) or AP180CTD-1/3 (red) was increased. Distributions are
binned histograms of data analyzed from the tethered vesicle assay. (D) Vesicle diameter as the
concentration of AP180CTD-FL or AP180CTD-1/3 in solution increased. (E) Vesicle diameter as
membrane coverage by AP180CTD-FL or AP180CTD-1/3 increased. (F) Vesicle diameter as
steric pressure generated by AP180CTD-FL or AP180CTD-1/3 increased. Markers in D - F
represent an average from two independent experiments with 10-18 trials per experiment for a
total of 20 to 36 total trials. Error bars in D—F were calculated as standard error of the mean.



Supporting Information

Protein or Polymer NaCl Concentration Area Occupied on Membrane
AP180CTD-FL 10 mM 145.3 nm?
AP180CTD-FL 150 mM 120.8 nm?
AP180CTD-FL 1000 mM 81.7 nm?
AP180CTD-1/3 150 mM 41.2 nm?
AP180CTD-1/3 1000 mM 23.8 nm?

PEG 10K 150 mM 34.0 nm?
PEG 5K 150 mM 17.2 nm?
PEG 3.4K 150 mM 11.7 nm?

Supplemental Table 1: Fractional areas of proteins and polymers used to calculate membrane
coverage
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(AP180CTD start)
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GSPGIPHCPH ASSVPRVDIEF ATASAAAPVS SAKPSSDLLD LOPDESGAAA GAAAPVPPPT
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GGATAWGDLL GEDSLAALSS VPSEAPISDP FAPEPSPPTT TTEPASASAS ATTAVTAATT
130 140 150 160 170 180
EVDLEFGDAFA ASPGEAPAAS EGATAPATPA PVAAALDACS GNDPFAPSEG SAEAAPELDL
190 200 210 220 230 240
FAMKPPETSA PVVTPTASTA PPVPATAPSP APTAVAATAA ATTTTTAAAA TTTATTSAAA
250 260 2770 280 290 300
AATAAAPPAL DIFGDLEDSA PEVAAASKPD VAPSIDLEGT DAEFSSPPRGA SPVPESSLTA
310 320 330 340 350 360
DLLSVDAFAA PSPASTASPA KAESSGVIDL FGDAFGSSAS ETQPAPQAVS SSSASADLLA
370 380 390 400 410 420
GEFGGSFMAPS TTPVTPAQNN LLOPNFEAAF GTTPSTSSSS SFDPSGDLLM PTMAPSGQPA
430 440 450 460 470 480
PVSMVPPSPA MSASKGLGSD LDSSLASLVG NLGISGTTSK KGDLOWNAGE KKLTGGANWQ
490 500 510 520 530 540
PKVTPATWSA GVPPQGTVPP TSSVPPGAGA PSVGQPGAGY GMPPAGTGMT MMPOQOQPVMEA
550 560 570 580
QPMMRPPFGA AAVPGTQLSP SPTPATQSPK KPPAKDPLAD LNIKDFL

Supplemental Figure 1: Amino acid sequence for the AP180CTD sensor. The amino acid
sequence for AP180CTD used for the sensor, derived from AP180 in Rattus norvegicus (residues
328-898; CAA48748). The linker region contains a cysteine directly adjacent to a histidine used
for conjugation techniques described in the methods section.
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Supplemental Figure 2: Single exponential fits of AP180CTD sensor crowding data. (A-D)
Representative decay curves picked from data in Figure 2C, D and fit by a single component
exponential curve. All curves were fit in Becker & Hickl SPCImage software using a weighted
least squares method and convoluted with the instrument response function as determined from
the signal from nonresonant Raman scattering in water. Mean lifetimes were calculated as the
value of the 1/e single exponential fit.
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Supplemental Figure 3: Moving the donor position farther into the AP180CTD-FL sensor
increases the measured donor-acceptor distance. (A) Representative cartoon of conjugating
ATTO 488 to a cysteine positioned at C159 or C395 within the AP180CTD-FL sensor. (B) Donor
fluorescence decay curves of AP180CTD-FL C159 (purple) and AP180CTD-FL C395 (green).
Curves are displayed with a moving average over a 10-point interval (C) Calculated donor-
acceptor distances of AP180CTD-FL C159 (purple) and AP180CTD-FL C395 (green). Data is
plotted from 2 independent experiments with 10-11 trials per experiment for a total of 20-22 trials.
Error bars represent standard deviation of the mean.
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Supplemental Figure 4: Calculated change in donor-acceptor distances of increasing
AP180CTD-FL concentration in solution from data presented in Figure 1. Data is plotted from
2 independent experiments with 10-12 trials per experiment for a total of 20-24 trials. Error bars
represent standard deviation of the mean.
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Supplemental Figure 5: Comparison of uncrowded vesicles with the PEG 10K sensor and
2 yM AP180CTD-FL crowding for vesicles with 0% Texas Red DHPE or 10% Texas Red
DHPE. Data is plotted from 2 independent experiments with 10-11 trials per experiment for a total
20-22 trials. Error bars represent standard deviation of the mean.
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Supplemental Figure 6: Amino acid sequence for AP180CTD-FL and AP180CTD-1/3
truncation. The amino acid sequences for AP180CTD-FL and its 1/3 truncation mutant derived
from AP180 in Rattus norvegicus (residues 328-898; CAA48748). The first 22 amino acid residues
correspond to the linker region, containing a 6x histidine tag.
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