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Large-scale cellular transformations are triggered by subtle physical and structural changes to in-

dividual biomacromolecular and membrane components. A prototypical example of such an event
is the orchestrated fusion of membranes within an endosome that enables transport of cargo and
processing of biochemical moieties. In this work, we demonstrate how protein filaments on the endo-
somal membrane surface can leverage a rigid-to-flexible transformation to elicit a large-scale change
in membrane flexibility to enable membrane fusion. We develop a polymer field-theoretic model

DOI: 00.0000/XXXXXXXXXX

that captures molecular alignment arising from nematic interactions with varying surface density and
fraction of flexible filaments, which are biologically controlled within the endosomal membrane. We
then predict the collective elasticity of the filament brush in response to changes in the filament
alignment, predicting a greater than 20-fold increase of the effective membrane elasticity over the
bare membrane elasticity that is triggered by filament alignment. These results show that the en-
dosome can modulate the filament properties to orchestrate membrane fluidization that facilitates
vesicle fusion, providing an example of how active processes that modulate local molecular properties
can result in large-scale transformations that are essential to cellular survival.

1 Introduction port of critical cargo and biochemicals to and from the cell™>,

which is an essential biological process involving subtle biophysi-

Cellular self-organization and large-scale orchestrated transfor-
cal events.

mations are driven by coordinated biophysical, mechanical, and
dynamical processes involving numerous biomacromolecules and
biological membranes. A fundamental challenge in understand-
ing and predicting cellular self-organization and dynamics stems

In this work, we develop a theoretical model for the physical
transformations in the endosomal membrane that underlie mem-
brane fusion and transport, which serves as a prototypical exam-

from the need to determine how molecular components (e.g.
RNA, proteins, lipids) leverage subtle physical changes to drive
dramatic cellular transformations across different length and time
scalesT2B34  The complex interplay of microscopic chemical
events in membranes, including lipid-raft formation®, coupled
lipid-protein interactions®, dynamin-driven membrane fission/Z,
clathrin-mediated endocytosis®?, and active transport of fluid
across membranes @11 determine critical biological fates such
as cell shape and function™?. Studies show membrane protein in-
teractions and protein absorption can alter the local curvature of
a membrane and consequential for endocytosis, vesiculation and
tubulation®314, Coordinated membrane fusion enables the trans-
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ple of cellular self-organization and dynamics. Recently, allosteric
changes to the early endosome tether protein EEA1 (Fig. [1) has
been shown to play an important role in mechanical pulling of
membranes to close spatial proximity upon binding with a vesicle
bearing small GTPase Rab5 in its GTP bound form Rab5(GTP).
EEA1 is a coiled-coil dimeric molecule with a contour length of
L~222+26 nm and a persistence length of /541 ~246 +42 nm.
EEA1 predominantly exists in “extended” or rigid conformation
(Fig. ) in its free N-terminus unbound form™%. Upon binding
to Rab5(GTP) the contour length essentially remains the same.
However, the molecule shifts to a more “flexible” conformation
(Fig. ) with an average end-to-end distance of ~122 + 50 nm,
coinciding with a persistence length of /EEAIGTP) 74 1 3 nm'16.

Changes in the population density of the structurally rigid (or
flexible) EEA1 filaments is thought to play a crucial role in me-
chanical pulling of membranes via thermal and active enzymatic
fluctuations present in the cellular media. Moreover, EEA1 is
present in high density patches on the membrane surface and thus
forms a switchable polymer brush layer'l”. It is to be noted that
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Fig. 1 Schematic of an endosomal membrane with EEAL brush layer. The
A and B images show the collective behavior of the brush layer in the pre-
dominantly extended and predominantly collapsed states on the surface
of a patch of elastic membrane. Yellow and Red colored polymers are
in the collapsed flexible and extended rigid conformations, respectively.
The effective elastic rigidity of the membrane and brush is higher in the
aligned state of polymer brush layer (panel A). Molecular-level changes
that transform polymers from extended to flexible conformation (red —
yellow) alter membrane rigidity and induce large length-scale fluctuations.

such a structure-driven entropic transition is not unique to EEA1-
tether system, but common in coil-coiled tether proteins, such
as GCC185 that binds to Rab9(GTP). Hence, these long coil-
coiled tethers can act as a mechanical switch in bringing distant
membranes to physical proximity to facilitate fusion 1619,

Our work develops a molecular-level model that captures the
collective alignment within an EEA1 brush with varying fractions
of flexible and rigid protein filaments. Furthermore, we provide
a prediction for how the collective brush layer alters the effec-
tive elasticity of the membrane and makes it more susceptible for
fusion. More concretely, we construct a general thermodynamic
model of two types of semiflexible polymers in a solvent and spe-
cialize to our case to determine how nematic interactions that
originate from hydrophobic moieties along the chain backbone of
coil-coiled proteins dictate chain alignment and alter the collec-
tive membrane rigidity. The properties and phenomena focus on
molecular alignment within EEA1 tethered system. Furthermore,
this work provides fundamental insight into how the cell can con-
trol molecular properties of specific biomacromolecules to elicit
large-scale transformations involved in major biological events.

2 Model and Theory

We consider an incompressible polymer solution of total volume
V, with ng solvent molecules with molecular volume vy, nﬁ rigid
polymer chains with contour length Lz and cross-sectional area
Ag and ng flexible polymer chains with contour length Ly and
cross-sectional area Ar. The polymer chains are modeled using
the wormlike chain model, which describes the polymer chains

2| Journal Name, [year], [vol.], 1

as inextensible elastic threads that are subjected to thermal fluc-
tuations2%21, The polymer configuration of the ith polymer of
type @ € [R, F] at arc-length position s (note, s=0 at one end and
s=Ly at the opposite end) is defined by the space curve #¥(s),
and the local tangent vector i#*(s) = d7{*(s)/ds gives the tangent
orientation of the monomer segment at s. Here and in the follow-
ing discussion, the index a indicates the polymer species, where
R and F signify rigid and flexible polymer types, respectively. In-
extensibility is strictly enforced by ensuring that [i¥(s)] =1 for
all configurations of the system. The position of the jth solvent
molecule is given by 7;. The bending rigidity of the semiflexi-
ble polymers are given by their respective persistence lengths /%,
and we also express the chain length in dimensionless units as
the number of Kuhn lengths Ny = Ly /bg, where the Kuhn length
bg = 21} gives the statistical segment length of a polymer.

The system energy includes contributions for polymer bending
deformation, solvent-polymer mixing enthalpy captured through
effective Flory-Huggins x-parametersm, and nematic alignment
free energy of polymer chains through an effective Maier-Saupe
interaction?¥24, The total energy is given by

g rle (0% (s))
wa i
X 2 /0 ds( ds )

i=1

pr- ¥ |

a€E[R,F]
it [P~ 5 [ drSa(r) S (7)}

+we [ dFORIE () —are [ dFSe(®): 86 (), (D

where §(7) and @2 () respectively define the local dimensionless
density (volume fraction) of the solvent and polymer molecules
of type « at spatial location 7, and S (7) is the tensorial nematic
order parameter density of state a at 725126127, Defining a gen-
eralized volume fraction in terms of real spherical harmonics28
allows us to write the thermodynamic energy in a consolidated
form as done in Ref.2% for a one-component polymer system (de-
tails in Appendix, sec.[5.11{5.4]). Specifically this allows us to rep-
resent both the scalar volume fraction and the tensorial nematic
order-parameter field using the same level of description in terms
of spherical-harmonic weighted density fields. In the appendix,
we write the canonical partition function #, followed by a series
of standard polymer field-theoretic transformations?2. Using the
saddle-point approximation®2, we write the homogeneous mean-
field free energy density, B fo= BF/V = —V~!log Z of the system
as

B = - Lwe(i-0)+ ¥

{ o log &
Q€[RF) LoAq g

a o
a0y (1= 0p) = 57 (0)°mi + 1 IOgQa}

2agF
3

+FARFOROp — S OKO) mrmp, 2

where ¢ is the bulk volume fraction of polymer o (a = species
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index), and the total polymer volume fraction is ¢, = (l),lf + ‘7’5 .
Conceptually, the nematic order-parameter density S(7) trans-
forms to the bulk volume fraction ¢, multiplied by the ne-
matic order parameter m in the mean-field treatment. The ne-
matic order parameter mg, of polymer type « is defined as my =

1 [La
— / ds (Py(u®(s))), where, Py(x) = (3x> — 1)/2 is the Legen-
o JO «
dre polynomial of order 2. The precise structure of P;(x) origi-
nates from the equivalence of the Maier-Saupe form of the ne-

matic order parameter and the definition of our generalized vol-
ume fraction, since

(iyiiy —1/3);; (iipiip —1/3);; =

The average (... ), is taken with respect to the single-chain mean
field energy, defined by

it = /OLd{l; (220) [wmﬁ—ﬂ}, ®

where vy = (aq ¢1‘,"maAa + aqu)f mﬁAB) gives the molecular field
strength for the a-type polymer (note, if « = R then = F and
vice versa). The single-chain partition function g, of polymer «
is evaluated from a Boltzmann-weighted sum over all polymer-
chain conformations with respect to the mean-field energy B&g*.
We note that in the absence of any molecular quadrupole field
interactions (¢ — 0 and ¢ — 1 limit), Eq. reduces to a multicom-
ponent Flory-Huggins (FH) mean-field theorym. This FH free
energy corresponds to the isotropic state of the multicomponent
system.

In this work, we assume the volume fractions in the isotropic
and nematic states are the same in order to model transitions in
the filament brush for a fixed membrane surface coverage, and
we assume ag = ap = agp = a. With these assumptions, we write
the Helmholtz free energy of the nematic phase relative to the
isotropic phase for the alignment strength @ = a¢,LA to be

A

BAfo = g (frmg + frmp)* — frlogqr — frlogqr, 4

where fo = ¢,7/¢,. The Maier-Saupe parameter a should be
understood as altering the surface coverage of filaments on the
membrane. The stability of the nematic phase is determined by
finding the curvature of BAfy with respect to the overall vari-
ational parameter, defined through the relation (m) = frmg +
frmpg. Finally, we note that the end-to-end distance can be calcu-
lated from the tangent correlation functions, similar to Ref,25129

Fluctuations around the mean-field state?? of the polymer
brush layer predict the Frank elastic energies of the system that
contribute to the effective membrane bending rigidity. Frank elas-
tic energies provide energetic contributions of the polymer layer
with respect to the aligned state in terms of the normal modes
of deformation such as bend, twist, and splay2>2031, Consider-
ing the Canham-Helfrich Hamiltonian®233 using a Monge-Gauge
representation#, we note the following relation in the presence
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Fig. 2 A membrane patch is shown to schematically show normal at any
point on the membrane that holds a polymer. The polymer structural
axis is shown in yellow solid line and the polymer end-to-end distance
along the preferred direction of alignment in its extended state is shown
in cyan double-headed arrow. Construction of unit normal /ip at point P=
(x,y,h(x,y)) is demonstrated as the normalized cross product of PP, and
ﬁy. The schematic shows defined quantities related to the membrane
geometry that are further used in the appendix.

of a polymer brush layer (for details see, Appendix, sec.|5.5):

Kr%fef:m = Kmem “'Ksplay\/Rﬁ > Kmem, (5)

where only the splay modulus K,y is seen to contribute to alter-
ing the effective membrane bending modulus, and Rﬁ denotes the
mean-squared end-to-end distance of the polymer along the ne-
matic alignment direction (schematically shown in Fig.[2). Previ-
ous work®® determines the membrane elasticity to be coupled to
the lipid-bilayer splay modulus, which in spirit is similar to what
we obtain. However, our single layer membrane elasticity is cou-
pled to splaying of the outer protein-brush layer, and the nematic
state of the brush layer becomes crucial for determining the effec-
tive membrane rigidity. The stretching modulus of the membrane
remains unchanged, since modes of deformation that are affected
by the brush layer are associated with directions that are predom-
inantly perpendicular to the in-plane stretching modes. For our
case of two different polymers, the effective bending modulus is
determined to be the population average ~ Ksplay\/lTﬁ' Details
of a microscopic theory of how fluctuations around the mean-
field solution can be used to calculate Frank-elastic constants for
semiflexible polymers is given in Ref.2%. Equation [5| suggests
that when K|,y =0 in the absence of nematic alignment, the ef-
fective membrane elasticity comes from internal rigidity of the
lipid bilayer. Hence, thermal (and perhaps active) fluctuations
present in the system result in larger height fluctuations of the
membrane36 (¢f. Fig. ). Under conditions of alignment of the
polymer molecules, K., >0, and effective membrane elasticity
increases. Physically, this corresponds to suppressed height fluc-
tuations®Z of the membrane due to the extended configurations
within the polymer brush layer (c¢f. Fig.[TA).

3 Results and Discussion.

We show results for the two types of polymers with variable di-
mensionless chain length Ny = L/2[%, where the contour length
and persistence lengths are set by experimental measurements
of EEA1 filaments. This gives the dimensionless chain lengths for
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Fig. 3 Critical strength of aligning field as a function of the fraction of
rigid polymer (lower X-axis) is plotted. The order parameter variation is
shown for three states corresponding to fzg = 0.04,0.50 and 0.96 respec-
tively [blue line is mg (rigid polymers), orange is mp (flexible polymers)
and the black dashed line follows (m)].

the rigid and flexible limit to be Nyigiq = 0.50 and Nfexiple = 1.50 re-
spectively. The analysis in Ref.22 suggests N < 10 demarcates the
semiflexible polymer regime for nematic interactions. Hence both
the “rigid” and “flexible” structures of EEA1 should be thought of
as relatively rigid and relatively flexible cases of semiflexible poly-
mers. We also set all Maier-Saupe parameters a, to be the same
and cross-sectional area is considered to be the same for EEA1
protein in its extended and flexible states. We think of a as an ef-
fective parameter (in the same spirit as the effective Flory Higgins
parameter ) that embodies all the complex physical interactions
between chains within the polymer brush layer. Hence, the ef-
fective alignment strength 7y, depends on the polymer grafting
density on a membrane patch, the degree of alignment, and the
hydrophobic interactions between chemical groups present on the
EEA1 polymer backbone, where increased hydrophobicity leads
to increased a. We note that for a fixed composition (i.e. fractions
of rigid and flexible polymers) transitioning to a liquid-crystalline
phase, the nematic order parameter for the two polymers exhibit
a first-order phase transition.

The main plot of Fig. |3| shows the field strength at the ne-
matic transition d, as a function of fraction of rigid polymers fz.
The transition field strength 4. systematically decreases with in-
creasing fg, indicating the system transitions to a nematic state
at lower effective strength of alignment interactions. Phase dia-
grams for the three states [fg = 0.04 (A), 0.50 (B), and 0.96 (C)]
showing the nematic order parameters for the flexible and rigid
polymers (mp and mg, respectively) are given in the inset plots
of Fig.[3l The two colors in the inset figures represent mg (rigid,
blue) and mp (flexible, orange). The population-weighted aver-
age nematic order parameter is shown in black dashed line. The
limit of stability of the nematic phase d; is shown as the dots in
the inset phase diagrams. Both the rigid and flexible polymers ex-
ist in the isotropic state with my = 0 for a <a,. The polymer brush
layer exhibits nematic alignment for a > gy, resulting in non-zero
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Fig. 4 Mean-squared end-to-end distance normalized by the squared
contour length of the polymer chain as a function of aligning field strength
for the three states in Fig.[3] Dotted line represents an isotropic state and
solid and dashed lines represent <Rﬁ) (along the aligning field) and (R?)
(L" to the aligning field) respectively [blue =rigid and orange = flexible].

nematic ordering for both rigid and flexible polymers.

The isotropic state of the system exhibits orientational symme-
try, such that the mean-squared end-to-end distance has equiv-
alent contributions from all directions?222, Upon transitioning
to the nematic state, the broken symmetry of correlation lengths
along parallel and perpendicular to the field directions result
in an ‘elongated’ polymer along the nematic-director direction2>
(i.e. perpendicular to the membrane). We show the end-to-end
distance as a function of aligning field strength for three repre-
sentative states in Fig. |4} For 4 <d., we obtain a single end-to-end
distance in the two directions, and at 4=4d,, there is a discontinu-
ous jump associated with elongation along the parallel direction
and retraction along the perpendicular direction. With increasing
field strength, the polymers become more elongated along the
nematic director direction, and perpendicular fluctuations mono-
tonically decrease. The limit of high strength of alignment corre-
sponds to a rigid rod-like state, where the end-to-end distance in
the director direction (¢f Fig. [2) approaches the contour length
of the polymer, i.e. (Rﬁ) — L2

Within the mean-field approximation, we now consider free en-
ergies of the system as given by the purely nematic energy density
in Eq.|4} The order parameter of the entire system can be given as
(m), and variational optimization of the free-energy density as a
function of the order parameter gives the optimal value of (m) for
a particular state. We plot the excess nematic free energy density
in Fig. for the three defined states for a fixed @ = 27. As we
note from Fig. [3] state A has 4. > 27, meaning the system would
be in isotropic state and variational minimization of free energy
predicts the system resides at (m)y =0, as noted by the circle.
For both state B and C, Fig. [3|states d should produce a nematic
state ((m)o > 0), which is shown in Fig. We note that as the
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Fig. 5 The top plot (A) shows the change in free energy with respect
to the isotropic state is shown as a function of average order parameter
variation for the three states of Fig. [3] corresponding to rigid-polymer
fractions of 0.04, 0.50 and 0.96 (A — B — C) for a fixed a = LAa¢, = 27.
The bottom plot (B) shows the ratio of effective membrane rigidity as a
function of aligning field strength for the three states.

fraction of rigid polymers increase from A — B — C, (m)y mono-
tonically grows from the isotropic to the nematic state towards
(m)p — 1 indicating perfectly aligned polymer configurations. As
the fraction of rigid polymers increase, the nematic free energy of
the system decreases indicating stabilizing forces in the system.
With the same surface coverage of EEA1 brush-like polymers on
a membrane patch, we anticipate a decreasing free energy as the
brushes exist in the rigid state.

We assign values of the EEAl contour length L = 222 nm,
cross-sectional area A = 3.1 nm?1738 and EEA1 volume frac-
tion ¢, = 0.01495%.  The bare membrane bending elasticity is
set to Kmem = SkgT, which is within the measured physiological
range4Y, These parameters permit the evaluation of the effective
membrane rigidity for the three rigid-polymer fractions shown
in Fig. [5A. Figure gives the ratio of the effective membrane
rigidity to the bare-membrane rigidity x&_ /kmem as a function
of aligning field strength. For d <d, in each state, the effective
membrane elasticity k& = knem, since the splay modulus Ksplay
of the filament brush is zero in the isotropic state. At the nematic
transition 4= d., the effective membrane elasticity undergoes a
first-order transition associated with the sudden increase in the
nematic ordering. Further increase in the aligning field strength
leads to a greater than 20-fold increase in the effective elasticity of
the membrane and the EEA1 brush, leading to an overall picture
where filament alignment dramatically modulates the membrane
elasticity.

Soft Matter

Notably, this dramatic change in the effective membrane elas-
ticity is enabled by the collective nematic transition. The per-
sistence lengths of the rigid and flexible states have a ratio of
[EEAL/[EEAT(GTP) ~. 3 3, indicating a limiting ability for a single fil-
ament to physically manipulate exterior cargo. However, the col-
lective elastic behavior of the EEA1 brush would facilitate large-
scale property changes that facilitate large deformations of the
membrane necessary for membrane fusion.

4 Conclusion

In conclusion, we provide a theoretical model for collective tran-
sitions in the EEA1 brush on an endosomal membrane, and our
analyses reveal how large-scale membrane fluctuations that are
essential for membrane fusion are controlled by subtle physical
and structural changes of the molecular constituents. Our work
suggests a possible mechanism of membrane fusion that relies
on membrane fluidity (or reduced mechanical rigidity), which is
modulated by the brush-layer protein filaments. Extended EEA1
molecules that behave as effective rod-like polymers, increases
the effective elastic rigidity of membrane through their collec-
tive alignment within the protein brush. Conformational changes
of EEA1 molecules (from a rigid to a flexible, floppy state) help
physical proximity due to less steric hindrance and reduces the
mechanical rigidity, allowing fusion to take place.

Further experimental studies to understand and characterize
the grafting density of EEA1 on a membrane patch, the fraction
of rigid and flexible states in a region of the membrane, role of
the Rab5 concentration and interactions between the two poly-
mer strands in EEA1 helix in rigid and flexible states are needed
to crucially identify the parameter space of effective nematic in-
teraction between the brush layer. Nevertheless, the qualitative
predictions suggest dramatic changes in membrane rigidity that
can essentially “solidify” a membrane with small change in the
effective interaction or fraction of rigid vs. flexible polymers.

Our theoretical model and subsequent analyses addresses the
role the coil-coiled dimeric structure of EEA1 protein in the me-
chanics of the rigid-flexible transition, kinetics of Rab5-GTP bind-
ing, ATP—ADP hydrolysis and Rab5-GDP unbinding, and the
molecular mechanisms that are responsible for rigid-to-flexible
conformational change. Our results have broad impact beyond
the membrane-fusion problem. The model demonstrates how
biophysical processes that happen on large, collective length and
time scales can originate from orchestrated chemical and physi-
cal events at much finer scales, which is a general principle that
underlies a range of critical life processes.

5 APPENDIX

5.1 Detailed Derivation of the Polymer Field Theory of a
three component polymer nematic solution

5.1.1 System Definition

We consider an incompressible polymer solution of total volume
V, with ny solvent molecule with volume vy, n§ polymer chains
with contour length Lg and cross-sectional area Az and "5 poly-
mer chains with contour length Ly and cross-sectional area Ar.
The polymer chains are modeled using the wormlike chain model,

Journal Name, [year], [vol.], 1 |5
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which describes the polymer chains as inextensible elastic threads
that are subjected to thermal fluctuations. The polymer configu-
ration of the igth polymer of type o € [R,F]| at arclength posi-
tion s (note, s =0 at one end and s = Ly at the opposite end)
is defined by the space curve 7#*(s), and the local tangent vector
u*(s) = 9r¥(s)/ds gives the orientation of the monomer segment
at 5. Inextensibility is strictly enforced by ensuring that |i#¥(s)| = 1
for all configurations of the system. The position of the jth sol-
vent molecule is given by 7;. The bending rigidity of the semi-
flexible polymers are given by their respective persistence lengths
Iy, and we also express the chain length in dimensionless units as
the number of Kuhn lengths Ny = Ly /by, where the Kuhn length
bg =217 gives the statistical segment length of a polymer.

The system energy includes contributions for polymer deforma-
tion, solvent-polymer mixing, and nematic alignment of polymer
chains and is given by the total energy,

I AL () e farbeniz

BE =

e [ dF6R (R )~ are [dTSe():8p(@). ©)

where ¢, and 43[‘3‘ are respectively the local dimensionless density
(volume fraction) of the solvent and polymer molecules of type a,
and S, is the tensorial nematic order parameter density of state
a. These local order parameters are given by

b = wY 8F-7) %)
=1

. T Ly

pom) = AaZ/ ds& (7 —7%(s)) 8)
i=170

Su(®) = AaZ/ ds8(7—7%( ))(,“(s)a;.x(s)—g). ©)

For the subsequent analyses, we define a generalized volume frac-
tion (tensor) that incorporates local orientational order, defined

as2>
ar ma
o B i

@[;”" is the real-valued spherical harmonic (i.e. the tesseral spher-
ical harmonic) for state o, given by,

()6 (F—7(s)). (10)

¢la ma ?

V2(=1)"eIm [Yl‘;”"q for mg <0
gl =qr for mg =0 (1n
V2(=1)"Re [YIT"] for mg >0

where Y;:" is the standard spherical harmonic (complex valued).
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We note that the polymer volume fraction ¢ = ¢(§’fo, and the ne-
matic order parameter S, can be written in terms of ¢'*. Details

are provided in Ref.2>, With this definition, we rewrite the system

energy as
np la Lo au
pE - { ( )ds+xa d76,(7) ¢ (7)
PRPEY J sty
2 N N
S [y (38,0 }+xAB [ dréto)dko)
m*72
 2agr /d7 i O ()63, (7) (12)
3 =, 2,.m 2,m

where the integrand in the last term in Eq.[I2]signifies summation
over terms such as, (52—2 G )¢‘23( ), ¢_IA( )¢_13( ),... and so
on.

The canonical partition function, 2 is written as,

1 1 1
’nﬁ'nF‘Vr (LRAR) (L}:Ap)n5

/Hdw/Hﬁ[rR /H PV TT8+ 80+ 60— 1)

ir=1

27

I’iHHﬁ\ 2o~ 1)5(1 7|~ Dexp(—BE)  (13)

ig=lip=1SR.SF

where []8(¢+ (13&0 + (ﬁg o — 1) accounts for the incompressibility

constrai;1t at all locations within the system. The inextensibility of
each polymer chain is enforced by the constraints §(|dy, 7¥| —1).
The integration over Z[F¥] implies path integration over all con-
formations of the polymer . We use the solvent volume vy and
polymer volume LyA, as volume scales instead of the de-Broglie
wavelengths cubed, which merely shifts the chemical potential by
a constant quantity and does not affect the thermodynamic be-
havior of our system.

5.1.2 Particle to Field Transformation

Next, we perform a series of field manipulations that enable sys-
tematic approximation of the thermodynamic behavior. For each
instantaneous volume fraction ¢, we introduce a volume-fraction
field variable by noting the property22:41

760 = [oI]8l0~6] 1] (14)

/‘,@W@(l)exp{i/d?W(?) [(5

where W emerges from a Fourier representation of the spatial
delta function. This field manipulation is applied to each
volume-fraction (¢, ng‘O, and ngm) resulting in the introduc-
tion of the conjugate fields Wy, W, 00, and W2 After these field
manipulations, we can write the canonical partition function as,

@ - 0(7)] }f[(PL
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2
QP:/@Ws IT {—@qb(?fo—@Wo% I1 @W2m9¢2m}exp{ /er 1= 8 — 66,0) +l/dr Y W#o

QE[RF]

o€[RF]

2 2
vifar ¥ Y WS- ¥ u [drogs-afo—ofo+ ¥ [ar ¥ (o8
oceRF m=-2 oE€[R,F] 0E[R,F] m*—z
g 2a W 22 W&, WY ]
—xRF/dr¢§0¢({o+ RF/d Z ¢2m¢2m+nxlog( al }> + Y n%log | LM 2m (15)
' - NsVs a€[R.F] npLaAa
:/@Ws I1 {@‘Poogwoo I1 W2m~@¢2m}exp[ B-Z] (16)
ac(A,B) m==2
2a 2a
J¢2 m RF ¢2 m + wg,m =0 (23)
where we define the single solvent partition function as R

r My 5Zp
+ = =0 24
alw = [ drexp vk (7) a7 e o, Y

. .. . . nF 5
and the single polymer partition functions are written as, or P -0 (25)
. Z,, 5w0 0
l dilg,

25 [W50: W) /@["a ]exp{p/ ( > ds nk 58

p m 2 Jo ds ox ' T’; 6w’§ =0 (26)
P 2,m
Lo o

i a _ 6z

iAg /0 dsWyo(F(s)) o+ _}pr . i 27)

Le 2
Ay /0 ds Y WE (7(s)
* m

?@?wmw}a&
The partition function £ has not been subjected to any approx-
imations so far and is not exactly solvable as it is, although it is
amenable to systematic approximations. Below we formulate the
general saddle-point approximation, which determines the ther-
modynamic state within a mean-field (generally inhomogeneous)
and specialize to the homogeneous mean-field approximation.

5.2 Mean Field Approximation
5.2.1 Mean Field Equations

The lowest-order approximation to the canonical partition func-
tion is given by the saddle point, which approximates the func-
tional integrals in Eq. [16| by the maximum term. By setting the
first variation of the argument of the exponential within Eq.[16]to

5(B7)

Sof )
saddle-point equations. We define ¢, = ¢,/ and iW = w for use
in the subsequent analyses. The saddle point equations are given

zero (i.e.

= 0 for any arbitrary field f), we arrive at the

as
(1- ¢p ¢p )= exp( VsWs), e)]
S
—xR(1=205 =0y )+ X9y +Woo—Ws— Xrr$y =0,  (20)
—xF(1 f¢,’572¢,f)+xR¢,§+wgofws—xRF¢§ =0, (21
2, 2
ﬂ‘ﬁz mt aRF =67, otwy, =0 (22)

Next, we specialize our treatment of the saddle point to the ho-
mogeneous uniaxial nematic state with nematic alignment along
5.. This gives (ﬁz"‘m =0 for my # 0 and o € [R, F]. This leads to the
self-consistent mean-field equation (for « € [R, F])

(P 3 o 1 o, O
A < <§[uz ()2 = 5) >Oa —otmg,  (28)

where the average (... ), is taken with respect to the single chain

mean-field energy
o

ol [t (9i%(s)\?
ﬁéao_?/o ds( - ) (29)

Lo 1
_(aa(])g‘m,(f‘,Aa +aRF¢£m1lz,Al3)/() ds{[ug(s)]Z_g}

From its definition, we have the constraint —1/2 < m§ < 1, for
o € [R,F]. The overall nematic order of the system can be thought

1
— Z¢,’j‘m}i‘,. For a perfectly

=L =

of as the weighted average mq, =

aligned state (m$ = 1), we get ¢ 9 = Zq)z 0=

5.2.2 Homogeneous Mean-field Approximation and System
Energy

For a homogeneous, mean-field approximation, the zeroth order
energy becomes (per unit volume V) is given by

Journal Name, [year], [vol.], 1 |7
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1_ o
BN T%log(l—q’p)-i-ZLf;a log ¢, (30)
Y 01 0,) - Y (687 1Y 2 toggy
o o 3 & LaAa
2
+XRF ¢5¢5 aRF o5 0¢2 0 (3D

where fy = %#,/V is an intensive property of the system. Here, g
is the partition function, given as

a—/du/duo/ 9

The homogeneous isotropic mean-field free energy is given by

s)lexp{—Beg'li(s)]}.  (32)

o

Bfy = o loe(97)

1—¢
TplOg(l_%H—;L

+Y xadp (1= 9p) + XrFOR Dy - (33)
[0

Here, it should be noted that in the absence of any aligning field

[ie Yo = (Aaaam,‘{‘,@‘," +A5aRme,¢£ )1, the orientational partition

is unity. Below we simplify to the notation mfy = mg.

The residual Helmholtz free energy (density) of the nematic

phase relative to the isotropic phase is given by,

ﬁfresidual = ﬁf(l) - ﬁf(I)N

o

= {2 ggmar? — 2t gt}

2
S gfmigy my (34)

For a constant aq = a, Lo =L, and Aq = A, we get the free energy
by multiplying with the relevant volume LA/¢,, resulting in the
expressions as written in the main manuscript

— frloggr — frloggr  (35)

BAfo = g (frmg + frmp)*

where d = a¢,LA and fo = ¢ /¢p. In the limit of fr — 1 (hence,
fr — 0) the above equation reduces to (superscript ‘1’ represents
single type of polymer component),

Bafy! = Sm? —logg (36)

that matches with Ref 4L,

5.3 Fluctuations around mean field solution

Now we specialize to fluctuation effects upto quartic or-
der with respect to the homogeneous mean field basis.
The vector of auxiliary variables are defined as, ¥ =
(Ws. {0570} AW} {02, {WS, }] (total of 25 terms) and the
vector éontaiﬁing all the fluctuations are defined using, A =
({800}, {0W5)}, {805, },{0WS*,}] (total of 24 terms due to the
incorﬁpressibility consvtraint). lserforming Gaussian integral over

8 | Journal Name, [year], [vol.], 1

the fluctuating conjugate fields (not volume fraction fluctuation
fields), we arrive at,

o 1
Y .8 @7

12200\ A
FSYAAs + ¥

—-BF =—-BF

ne

where the above expansion is formally exact and written using

modified Einstein notation to sum over fluctuating volume frac-

tion fields of all constituents and integration over the respective

Fourier variables. The quadratic order term can be explicitly writ-
ten as,

20 1 e e
O30 = e I [T ) F B, (s () 38)
1,

where y runs over the three species present in the system (poly-
mer R and polymer F, noting 8¢, = —5¢K, — 5¢f,) and over the
and m indices (i.e. [=0,m=0and [ = 2,,m =-2,...,2). In order
to write the full matrix I2%) in terms of its elements, we write
the structure factors for polymer species o as

(@) o
Sty (1nma) K) = (39)

Lo
></ dsl/ dsz
0

where 7| = 7(s1) and 7, = F(s»). The entire '29) matrix is a 12 x
12 matrix containing all the volume fraction fluctuations. The
matrix is sparse containing only certain non-zero elements (8 # o
in equations below and both indicates A and B):

1 |: A ](m1+mz)/2
Lz [ 2h+1)(2h+1)

(1)) exp ik (7 — 72| ™ ii(52)) )

Can.00® = m—zlﬁmw(w 0o) (8 (40)
FE(()X,Z)),(Q,m) (k) = Aa%W[S(a) )2, ,,,>]71(z) (41)

F&,) e ) = _%Ta%mz + m [SEZL,)y(z,W]*l (k) (42)
(o) 00 ®) = —2tap (43)

Fggi)n,(z,mz)(z) = zaaﬁ o (44)

To note, these expressions do not exh1b1t cross correlation of
structure between polymers R and F, since they are separate from
one another (i.e not a copolymer-like architecture). The formula-
tion above gives the exact free energy up to quadratic order.

Next steps involve, (1) writing the quadratic order free energy
within the RPA approximation in terms of the eigenvalues of I'2:¢)
matrix, (2) defining a non-interacting reference free energy, (3)
subtract this reference free energy and (4) using the property,

H Ty = det[I'] (where y are the eigenvalues of the determi-
ne{fields}
nant and the number of eigenvalues are same as the number of
fluctuating volume fraction fields) to arrive at

v oA det[(2:9)]
F =BFo+— | dkk’logd ——— 45
BF =BFr+ 1z | Og{det[l"éz"p)} (45)
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Fig. 6 Phase diagram showing the boundary (thick solid line) of isotropic (gray) and nematic states as a function of rigid polymer fraction, fz. Figures
((a)-(d)) show changes in free energy (cf. Fig. 5] for state A (fg =0.04), state B (fg = 0.50) and state C (fg = 0.96) for 4 = 17,27,37,47 (panel (a)
through (d) respectively). The states that are isotropic are designated as dashed squares in the left phase diagram while the states that shows nematic

ordering are shown in solid squares in the phase diagram.

In the above equation, we have introduced a high-k cutoff, A =

2r
1{1111}1 — to account for the ultraviolet divergence in field theory.
I
Iy

5.4 Chemical potential and system Phase Behavior

We only care about the phase behavior at the mean-field level.
Due to enforced incompressibility of the system the Gibbs and
Helmbholtz free energy of the system are equivalent to one other.

Here, we define the chemical potential of n™ species as,
d
Bun = (aﬁ ) =Bvnf+V—=—= (Bf) (46)

where the second equality follows from defining the free energy
density, as f =.% /V. The expression for the zeroth order chemical
potential of species 6 follows from the expression of mean field
free energy of the system. We write the mean field energy in a
consolidated notation as,

ﬁfozz%log(%) zzxﬂc‘f’ﬂf’k 3Za]kmjmk¢]¢k 47
X

v % <¢k> o~
—E —1 — fz a0 48
= og Py + 5 = jk¢j¢k (48)

where & = xjix — This leads to the expression
for mean field chemical potential for species i as, (where i €

{solvent, polymer A, polymer B})

F Gk jmy.

ﬁ”() _1+10g(q)_vlz ¢J+Vtzlij¢’j_gzgjk¢j¢k (49)
l ]k

where all the ¢; denote the mean-field volume fraction of species
i

5.5 Effective Membrane Rigidity

5.5.1 Frank Elastic Energy of Polymer Brush Layer

Here, we briefly describe how existence of polymer brush layer in
its extended state is responsible for renormalizing the membrane
bending rigidity. Noting that one end of the polymer is tethered
to the membrane, we approximate the Frank elastic energy of the
polymer brush layer as2>

1 o 2 - 2
BFelas = E/d? |:Kbend (ﬁXV Xﬁ) + Kiwist (ﬁ‘VXﬁ>

+KSP1ay (6 'ﬁ> 2} (50)

Q

1 . 2 . 2
3 /df {Kbend (ﬁP XV x ﬁp) + Kiwist (ﬁP -V x ﬁp)

. 2
+Kiplay (v : ﬁp) } R} (51)

where the 2-dimensional vector ¥ = (x,y), and 7ip is the nematic
director direction at polymer leg on the membrane (point P) and
couples directly to membrane height fluctuation field. Hence, 7ip
at point P on the membrane can be identified as a normal to
the membrane at P. This can be calculated by parametrizing the
membrane as P = (x,y, h(x,y)), where h(x,y) represents the height
of the membrane at 24 grid point on the membrane (x,y). Hence,
the normal at point P is given by

PP xPB,  —hyb—hyb,+6. c s s
= = R —hyOx — hyoy+ 0, (52)
IPPx PR[ -\ [T+ 12+ k3
oh
where Ay = g;’ ) and the approximate identity gives us varia-

tions with respect to minimal order changes in membrane height
fluctuations. Looking at the bend and twist terms of Frank elastic

Journal Name, [year], [vol.], 1 l9
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2
energy we note that, (V x7ip) = hzy0x — hzx 0y, where hzy = %{;‘;}’) *

and thus are all higher order terms. This implies only splay rigid-
ity of the polymers contribute to the Frank elastic energy to min-
imal order and is given by

1 2
BPFelas = EKsplay\/ Rﬁ (hxx + h)')’)

5.5.2 Helfrich Free Energy of Membrane and Renormalized
Bending Rigidity

(53)

For our case, we consider a membrane with the symmetric distri-
bution of all membrane components (such as lipids and proteins)
and the same environment on both sides of the membrane that
may ensure symmetric membrane fluctuations and, thereby zero
spontaneous curvature. The free energy for such a symmetric
membrane is generally expressed as the Helfrich Hamiltonian2,

given as

BFIG) = [ %[ (V)P + S (a4
where A(X) describes the height of the membrane at location ¥ =
(x,y) with respect to a reference state. In the above equation
Vmem and Kmem represent the membrane tension and (bending)
rigidity respectively. The membrane bending rigidity at any point

. . . . K
per above Helfrich Hamiltonian can be written as, %(hm +

hyy)?. Hence the membrane rigidity is renormalized due to Frank
elastic energies of polymers and is given by,

Kr%fgm = Kmem “'Ksplay\/]Tﬁ > Kmem (55)

Qualitatively, we can infer in the isotropic state of polymer brush
layer, the splay rigidity do not contribute to the overall membrane
bending resistance. However, in the nematic extended state of the
polymer brush layer, we have finite K., and effective membrane
rigidity increases to larger stiffness prone to lesser fluctuations
due to thermal and active forces in the medium. In essence the
ratio, ®,,,, = Kplay \/R7ﬁ /Kmem controls membrane fluctuations to

zeroth order.
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