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1 Analytic calculation of membrane-mediated interactions

As described in the main text, our biophysical model of membrane-mediated interactions between
chemoreceptor trimers is based on the standard framework of membrane mechanics [1–8], in which the
heights of the hydrophilic-hydrophobic interfaces at coordinates (x, y) in the top and bottom (outer
and inner) membrane leaflets are represented by the functions h+(x, y) and h−(x, y). It is convenient
to express the fields h+(x, y) and h−(x, y) in terms of the thickness deformation field u(x, y) (Eq. (1)
of the main text) and the midplane deformation field h(x, y):

h(x, y) =
1

2
[h+(x, y) + h−(x, y)] . (S1)

To leading order in u and h, the total elastic energy of the bilayer-trimer system, G[u, h], can then be
written as the sum of two decoupled free energies associated with midplane and thickness deformations:

G[u, h] = Gu[u] +Gh[h] , (S2)

in which Gu[u] is given in Eq. (2) of the main text and

Gh[h] =
1

2

∫
dxdy

[
Kb
(
∇2h

)2
+ σ(∇h)2

]
, (S3)

where, as discussed in the main text, the parameters Kb and σ are the bending rigidity and the
membrane tension, respectively.
Energetic contributions to membrane-mediated protein interactions due to thickness deformations,

Gu, are expected [7] to dominate over energetic contributions due to midplane deformations, Gh, at
the small trimer separations relevant for chemoreceptor lattices. We therefore focus here on thickness
deformations. A discussion of midplane deformations is provided in Sec. 2. Following the standard
membrane-mechanical framework for describing bilayer-protein interactions [3, 4, 7–31], the specific
properties of chemoreceptor trimers enter our model of membrane-mediated interactions between
chemoreceptor trimers through the boundary conditions at the bilayer-trimer interface. For thickness
deformations, the boundary conditions associated with each chemoreceptor trimer i, where i = 1, 2, . . . ,
take the general form

u(ri, θi)
∣
∣
ri=Ci

= ut , (S4)

n̂ ∙ ∇u(ri, θi)
∣
∣
ri=Ci

= u′t , (S5)

where n̂ is the unit normal vector along the bilayer-trimer boundary, ri and θi are the radial coordinate
and polar angle associated with a polar coordinate system having trimer i at its center, and Ci =
Ci(θi) describes the shape of trimer i as a function of θi. A simple coarse-grained model of the
hydrophobic shape of a chemoreceptor trimer (which may correspond either to compact chemoreceptors
or, alternatively, to a lipid-chemoreceptor complex) is given by

Ci(θi) = R [1 + ε cos 3 (θi − ωi)] , (S6)
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where R is the average trimer radius, ε is the perturbation amplitude, and the phase shift ωi captures
the orientation of trimer i. Based on images of chemoreceptor trimers obtained by electron cryo-
tomography [32, 33] we estimated the parameter values R = 3.1 nm and ε = 0.2. Equation (S6) is
illustrated in Figure 1B of the main text.
The trimer hydrophobic mismatch ut in Eq. (S4) plays a crucial role in our model, and is related

to the trimer hydrophobic thickness ht by

ut = ht − h0 . (S7)

A typical value of h0 for the E. coli cytoplasmic membrane is h0 = 1.7 nm [21,34] while, for example,
the approximate hydrophobic thickness of the chemoreceptor Trg is ht = 2.025 nm [35], which we
used for all the calculations described here. In general, the value of h0 can be tuned by changing the
membrane composition. In the main text we therefore study membrane-mediated interactions between
chemoreceptor trimers as a function of ut and, hence, of ht and h0. In the membrane-mechanical model
of bilayer-protein interactions, the value of u′t in Eq. (S5) is found [9, 11, 19, 20] to play a minor role
compared to the value of ut in Eq. (S4), and u

′
t is often set to zero. Following these previous studies,

we also set u′t = 0 in our calculations.
Interaction potentials between chemoreceptor trimers are obtained by minimizing Gu[u] in Eq. (2)

of the main text subject to the constraints in Eqs. (S4) and (S5). This is achieved by following the
analytic methodology developed in Ref. [36]. In particular, the general analytic series solution for
the energetic cost of membrane-mediated interactions between proteins in Ref. [36] is easily adapted
to describe membrane-mediated interactions between chemoreceptor trimers. For completeness, we
summarize here the key steps. We first note that the Euler-Lagrange equation associated with Eq. (2)
of the main text is given by (

∇2 − ν+
) (
∇2 − ν−

)
ū = 0 , (S8)

where, for convenience, we have introduced the function

ū(x, y) = u(x, y) +
σh0

Kt
, (S9)

and

ν± =
1

2Kb

[

σ ±

(

σ2 −
4KbKt
h20

)1/2]

. (S10)

We analytically solve Eq. (S8) for interacting chemoreceptor trimers by making the ansatz [24,26]

ū = ū1(r1, θ1) + ū2(r2, θ2) , (S11)

where the ūi(ri, θi) are the general solutions of Eq. (S8) appropriate for a single trimer [37] centered
at ri = 0. We find

ūi(ri, θi) = f
+
i (ri, θi) + f

−
i (ri, θi) , (S12)

which can be written as a Fourier-Bessel series [36]

f±i (ri, θi) = A
±
i,0K0(

√
ν±ri) +

∞∑

n=1

{

A±i,nKn(
√
ν±ri) cosnθ +B

±
i,nKn(

√
ν±ri) sinnθ

}

, (S13)

in which the Kn are modified Bessel functions of the second kind, and we have assumed [11] that
thickness deformations decay away from single trimers. The constants A±i,n and B

±
i,n in Eq. (S13)

are fixed [36] by expanding ū in the vicinity of each trimer in the small parameter R/d, where d is
the center-to-center distance between trimers, expanding Eqs. (S4) and (S5) in the small parameter
ε in Eq. (S6) [27, 31], and matching the solution ū at each order in the Fourier-Bessel series to the
boundary conditions. Finally, we analytically calculate the interaction energy between two trimers
by using Eq. (S8) to transform [36, 37] the surface integral in Eq. (2) of the main text to a sum
of line integrals along the bilayer-trimer boundaries, which are then evaluated at each order in the
Fourier-Bessel series in Eq. (S11).
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2 Midplane deformations

The midplane deformations induced by chemoreceptor trimers can be captured by the midplane bend-
ing energy in Eq. (S3). The Euler-Lagrange equation associated with Eq. (S3) is given by

Kb∇
4h− σ∇2h = 0 . (S14)

Similar to the case of thickness deformations, the specific properties of chemoreceptor trimers enter
Eq. (S14) through the boundary conditions at the bilayer-trimer interface. Following Refs. [24,26] we
estimate the midplane deformations induced by chemoreceptor trimers by employing the boundary
conditions

h|ri=R = Hi +Rβi cos θi , (S15)

∂h

∂ri

∣
∣
∣
∣
ri=R

= α+ βi cos θi , (S16)

where we use the same notation as in Sec. 1 and, for simplicity, we have approximated chemoreceptor
trimers as conical inclusions of radius R at the bilayer midplane.
The parameter α in Eq. (S16) is the contact angle between trimers and the midplane of the sur-

rounding lipid bilayer (Figure S1). A non-zero value of α corresponds to a conical shape of chemore-
ceptor trimers with apex angle 2α. For α 6= 0 the up-down symmetry of the membrane is broken,
resulting in midplane deformations of the bilayer membrane. On the basis of the available structural
information on chemoreceptor trimers Vaknin and Berg [38] estimated α ≈ 0.17 rad. The parameters
Hi and βi in Eqs. (S15) and (S16) allow for the center of each trimer to be located at some height
Hi above the x-y plane, and for the boundary of each trimer to be tilted by some angle βi in the
x-direction (Figure S1). The values of Hi and βi are not arbitrary but, rather, are determined by
conditions of zero vertical force and zero torque on each trimer [26]:

∫ 2π

0
dθi

[

R
∂

∂ri

(
σh−Kb∇

2h
)
]

ri=R

= 0 , (S17)

∫ 2π

0
dθi cos θi

[

R2
∂

∂ri

(
σh−Kb∇

2h
)
+KbR∇

2h

]

ri=R

= 0 . (S18)

Following Ref. [26] we assume that membrane deformations decay to zero away from chemoreceptor
trimers, which means that ∇h→ 0 for ri →∞. Equations (S15)–(S18) then fully specify the solution
of Eq. (S14) and, hence, the midplane deformation energy of interacting chemoreceptor trimers in
Eq. (S3).

Midplane interactions are weak

The membrane-mediated interactions between chemoreceptor trimers due to midplane deformations in
Eq. (S3) compete with the membrane-mediated interactions due to thickness deformations in Eq. (2)
of the main text. How important are midplane deformations from an energetic perspective? Similar
to the case of thickness deformations, we employed the analytic methodology summarized in Sec. 1
and described further in Ref. [36] to calculate interaction potentials between chemoreceptor trimers
due to midplane deformations. Consistent with previous studies [7,24,26] we find that, in contrast to
membrane-mediated interactions due to thickness deformations, midplane deformations induce repul-
sion between trimers in chemoreceptor lattices. For the trimer separation and orientation observed in
experiments [32,33,39], Eqs. (S3) and (S14) yield the interaction strength

Ginth ≈ 0.4Kbα
2 (S19)
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at σ = 0 for the value R = 2.48 nm corresponding to the face-on orientation of chemoreceptor trimers
observed in experiments [32,33]. Using the typical membrane bending rigidity Kb = 20 kBT [21] and
the value α = 0.17 rad estimated for chemoreceptor trimers [38], Eq. (S19) gives Ginth ≈ 0.3 kBT . Thus,
the midplane interaction strength is well below kBT and typically more than an order of magnitude
smaller than the interaction strength associated with thickness deformations. In the main text we
therefore focus on thickness deformations as the dominant physical mechanism for membrane-mediated
interactions between chemoreceptor trimers.

Localization of large chemoreceptor lattices to the cell poles

The overall energetic cost of trimer-induced midplane deformations depends on the interplay between
the conical shape of chemoreceptor trimers and the preferred curvature of the surrounding lipid bilayer
membrane. In particular, the membrane radius of curvature at the poles of E. coli is twice that of the
midcell region, and has the same sign as the radius of curvature of chemoreceptor trimers (Figure S1).
Can the midplane deformations induced by chemoreceptor trimers act as curvature sensors driving
the localization of trimers to the cell poles? Indeed, assuming that chemoreceptor lattices possess an
intrinsic curvature it was found [40] that it is energetically favorable for chemoreceptor lattices to be
localized at the cell poles. We argue below that, even if chemoreceptor trimers do not interact to
produce a non-zero intrinsic curvature of chemoreceptor lattices, bilayer-trimer interactions can yield
localization of large chemoreceptor lattices to the cell poles.
A simple estimate of the energetic cost of midplane deformations induced by individual chemore-

ceptor trimers is given by [20,21]

Gh ∼ πR
√
σKbα

2
eff , (S20)

where αeff is the effective membrane contact angle between a chemoreceptor trimer and the surrounding
lipid bilayer. Equation (S20) is derived [21] by reducing the problem of calculating the two-dimensional
midplane deformation field in Eqs. (S3) and (S14) to a one-dimensional variational problem. A rough
estimate of the effect of the preferred membrane curvature on midplane deformations is obtained by
setting

αeff = α− γ , (S21)

in which

γ = arcsin
R

c∗
, (S22)

where c∗ is the preferred membrane radius of curvature set by the cell wall, with c∗pole ≈ 0.4 μm for
the poles and c∗midcell ≈ 0.8 μm for the midcell of E. coli [1, 2]. Equation (S21) corresponds to tilting
the one-dimensional coordinate system in Figure S1 by an angle γ, and replacing α by αeff.
The midplane deformation energy in Eq. (S20) considers the effects of membrane tension and

membrane bending, but does not allow for interactions between deformations in the cytoplasmic
membrane and the cell wall. In living E. coli such interactions constrain midplane deformations by
pinning the cytoplasmic membrane to the cell wall [41, 42]. The effects of membrane pinning on
trimer-induced midplane deformations can be modeled by adding to the midplane deformation energy
in Eq. (S3) the term [41,42]

G
pin
h =

Kp

2

∫
dxdy (h− hp)

2 , (S23)

where Kp is the pinning modulus and hp(x, y) describes the preferred shape of the cell membrane set
by the cell wall. If ∇hp and ∇2hp are small compared to ∇h and ∇2h, one can fix [40] the membrane
height so that hp(x, y) = 0 in Eq. (S23) while leaving Eq. (S3) unchanged. If membrane pinning
dominates over membrane tension, Kp � σ2/Kb, Eqs. (S3) and (S23) yield the midplane deformation
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energy

Gh ∼ πR

(
5KbK

1/3
p

3

)3/4

α2eff , (S24)

where αeff is defined in Eq. (S21). Equation (S24) provides an estimate of the midplane deformation
energy of chemoreceptor trimers in the presence of strong membrane pinning. We derived Eq. (S24)
by a one-dimensional variational approach following similar steps [21] as for Eq. (S20).
For Kb = 20 kBT [21], the average value R = 3.1 nm, and α = 0.17 rad [38], Eqs. (S20)

and (S24) both yield an energy difference ΔGmidcell−pole . 0.13 kBT between the midcell and poles
of E. coli, where we have used the typical parameter values σ = 1 kBT/nm

2 [7] in Eq. (S20) and
Kp = 0.28 kBT/nm

4 [41, 42] in Eq. (S24). These estimates suggest that midplane deformations are
not able to localize single chemoreceptor trimers to the poles of E. coli. However, as shown in the
main text, membrane-mediated interactions due to thickness deformations can yield strong attrac-
tion between chemoreceptor trimers, resulting in large chemoreceptor lattices. In the limit of weak
interactions due to midplane deformations, Eqs. (S20) and (S24) yield

0.055NkBT . ΔGmidcell−pole . 0.13NkBT (S25)

for a lattice composed of N chemoreceptor trimers, where the lower bound corresponds to Eq. (S20)
and the upper bound corresponds to Eq. (S24). Thus, it is energetically favorable for chemorecep-
tor lattices to be localized in curved, convex membrane regions such as provided by the cell poles.
Note that this physical mechanism for the localization of chemoreceptor lattices only becomes effec-
tive at large enough lattice sizes. Large chemoreceptor lattices composed of thousands of receptors
(yielding ΔGmidcell−pole & 20 kBT in Eq. (S25)) are indeed observed predominantly at the cell poles,
while smaller chemoreceptor lattices are also found in the midcell regions [39,43–50]. The estimates in
Eq. (S25) indicate that bilayer-trimer interactions are sufficient to localize large chemoreceptor lattices
to convex regions of the cell membrane and that, in particular, localization of large chemoreceptor lat-
tices to the cell poles does not require a non-zero intrinsic curvature of chemoreceptor lattices. Indeed,
membrane-mediated interactions between chemoreceptor trimers due to curvature deformations are
expected to be weak and, with the cytoplasmic membrane pinned against the cell wall, approximately
pairwise additive [42]. This suggests that curvature-mediated interactions are not able to yield a well-
defined intrinsic curvature of chemoreceptor clusters in the absence of CheA and CheW, but rather
that additive curvature sensing by individual trimers may drive localization of large chemoreceptor
lattices to the cell poles.

3 Critical trimer concentration for chemoreceptor lattices

In the main text we found that trimer-induced thickness deformations of the bilayer membrane can
yield strong attraction between chemoreceptor trimers. Membrane-mediated interactions due to thick-
ness deformations therefore favor the formation of large chemoreceptor lattices. However, the local-
ization of trimers in chemoreceptor lattices means that individual trimers are not free to diffuse in
the cytoplasmic membrane, which incurs a free energy cost due to loss of entropy. Based on previous
work [41,42] on lipid clusters, we expect entropic effects to dominate if the trimer concentration in the
membrane is low, yielding disperse trimers. For high enough trimer concentrations, however, attrac-
tion due to membrane-mediated interactions is expected to dominate over entropic effects, yielding
chemoreceptor clusters.
The above considerations can be quantified by considering the critical fraction of membrane area

occupied by trimers, φc, for which half of all trimers in the cytoplasmic membrane are dispersed and
half are bound in lattices. In the regime of dilute trimer concentrations, a simple estimate of φc is
provided by [42]

φc ∼ 2e
−|Glatt|/kBT , (S26)
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where, as in the main text, Glatt is the elastic interaction energy per trimer in chemoreceptor lattices.
As discussed in the main text, the value of Glatt depends on membrane properties such as membrane
tension and the hydrophobic mismatch between chemoreceptor trimers and the surrounding lipid
bilayer. However, the results in the main text suggest |Glatt| ∼ 10 kBT as an order of magnitude
estimate of |Glatt| in E. coli. For |Glatt| = 10 kBT , Eq. (S26) yields φc ∼ 0.9 × 10−4. Using the
sphero-cylindrical model of the shape of E. coli [1,2] with an overall cell length of 2 μm and radius of
curvature of 0.4 μm at the cell poles, and the approximate trimer area 30 nm2 corresponding to the
average trimer radius R = 3.1 nm, φc ∼ 0.9 × 10−4 implies that the critical trimer concentration is
already reached with approximately 15 chemoreceptor trimers in the cytoplasmic membrane. Thus,
based on Eq. (S26) we conclude that, even if trimers are very dilute in the cytoplasmic membrane,
membrane-mediated interactions can yield formation of chemoreceptor clusters.
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