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Kir2.2 OmpF BtuB tN-Ras

A

B

Aqp0

POPC
POPE/POPG 

(3:1) DOPC/SM/
CHOL 

Figure S1: The effect of adding five membrane proteins was studied. Multiple copies of either an aquaporin, Aqp07, or an
inward-rectifying potassium channel, Kir2.28, were added to a pure POPC lipid bilayer, as a simple model of a eukaryotic
membrane. Two bacterial outer membrane proteins, the porin OmpF9 and the vitamin B12 transporter BtuB10, were added to
the simple model of an E. coli membrane. This is composed of POPE and POPG in the ratio 3:1. Lastly, the truncated form of
the cell-signalling kinases N-Ras was added to two different ternary mixtures of DOPC, Sphingomyelin and Cholesterol that
are used to study the effect of lipid ordering and disordering11. Shown are (A) views in the plane of the membrane and (B)
views from the extracellular medium (except in the case of tN-Ras where it is the intracellular medium).
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Figure S2: The convergence of the POPC simulations is first qualitatively assessed by examining how the values of K

c

, K

d

& K

e

vary with time; if a simulation is converged these timeseries should be stationary. In all cases the width of a bin is
5 ns. (A) The height fluctuations (K

c

) of a 1,500 POPC lipid bilayer modelled using an atomistic forcefield (CHARMM36)
rapidly reaches equilibrium during a 0.5 µs simulation, whereas the thickness fluctuations (K

d

,K
e

) appear to require at least
0.2 µs to equilibrate. (B) All three timeseries derived from a 0.5 µs simulation of the same 1,500 POPC lipid bilayer, this
time described using the MARTINI2.2 coarse-grained forcefield, fluctuate around an average value, suggesting that they have
converged rapidly. (C) Extending the duration of the coarse-grained simulation by a factor of 10 does not reveal any longer
time-scale dynamics. (D) The time-series of K

c

for a much larger POPC bilayer (36x larger by area) fluctuates less; this is
because K

c

can be more accurately determined since lower-q modes are sampled. All three time series again suggest the
simulation has rapidly converged.
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Figure S3: A more quantitative assessment of convergence is provided by calculating the statistical inefficiency for the
datasets shown in Fig. S2. The statistical inefficiency of each series is calculated as a function of (1) the size of each bin
and (2) how much of the data is included, starting from the end of each dataset. If the statistical efficiency approaches an
asymptote then this indicates the data are stationary and is an estimate of the correlation time of the dataset12. If it does not,
then the dataset is either not converged or is shorter than the correlation time. (A) The statistical inefficiency of the bending
modulus, K
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, of 1,500 POPC lipids modelled using an atomistic (AT) forcefield (CHARMM36) approaches a plateau of 10
ns irrespective of the amount of data discarded. The picture for the thickness fluctuations is more complex: analysing K
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suggests the thickness fluctuations may not be converged, whereas the values of K
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appear to be converged if the first 40%
of the data are discarded, yielding a correlation time of ⇠ 20 ns. (B) Analysing the statistical inefficiency of the three elastic
moduli calculated from the coarse-grained (CG) simulation of 1,500 POPC lipids suggest that all modes converge rapidly and
the correlation time is ⇠ 5-10 ns. (C) Repeating the analysis on the 10x longer dataset suggests that the first 20% should be
discarded, giving a correlation time of ⇠ 5 ns. (D) Repeating the analysis for the much larger 54,684 POPC CG lipid bilayer
suggests ⇠30% of the data should be discarded, leading to a correlation time of 10 ns for K

c

and 25 ns for K
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and K
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Figure S8: The radial distribution function for the protein center of mass – protein center of mass distances shows all
the integral membrane proteins display a tendency to cluster during the simulations. (A) Both Kir2.2 and Aqp0 begin to
demonstrate a moderate tendency in POPC to aggregate during the simulations, as indicated in the maximum in the radial
distribution function, g(r), at around a distance of 10-15 nm. (B) BtuB and OmpF have formed connected clusters in the
POPE/POPG bilayer by the end of the simulations, as shown by both the pronounced maximum in the radial distribution
function at around 5 nm, and the subsequent broader peak at around 25 nm. (C) By contrast, the peripheral membrane protein
tN-Ras shows no tendency to aggregate in the low cholesterol ternary lipid mixture. (D) In the high cholesterol mixture,
however, the radial distribution function has additional fluctuations, including a low probability region at small distances.
These are due, we expect, to the lower rate of diffusion of tN-Ras in this lipid mixture, as can be seen in the Supplemental
Movies. All radial distribution functions take into account the periodic boundary conditions and were calculated for the last
50% of each simulation.
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Figure S9: We follow the same procedure as in Fig. S6 to determine the values of K

c

of a series of published simulations4 of
small (⇠30 nm) and medium (⇠55 nm) sized POPE/POPG 3:1 lipid bilayers containing varying numbers of BtuB and OmpF.
Except where marked, all simulations represented the proteins using a coarse-grained forcefield5 designed to work with an
older version of MARTINI for the lipids and waters6. The first six simulations are small, having between 1842 and 2528
lipids, and therefore only intensities where q < 0.6 nm�1 are considered in the fit. As the last two simulations are somewhat
larger, we were able to consider intensities where q < 0.4 nm�1. (A) Increasing the number, and therefore density, of BtuB
proteins in a small patch of POPE/POPG lipids worsens the correspondence with HC theory at low q. (B) A similar trend is
seen when multiple copies of BtuB and OmpF are added to the same small patch of POPE/POPG lipids. Note that we were
unable to analyse a third simulation with 8 copies each of BtuB and OmpF as the protein density was so high (68%) it became
difficult to define and extrapolate the surface of each leaflet using only the positions of the lipid phosphates. (C) Only a single
simulation with just OmpF was performed so no trend can be seen. (D) To assess the behaviour of the older forcefield5, two
patches of 7-8k lipids were simulated, one with the older forcefield and one with MARTINI2,3. By inspection the behaviour
is similar.
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Figure S10: The calculated values of K

c

for a series of published simulations4 derived from the fits in Fig. S9. As per the
large bilayers in the main body of the paper, the first half of each trajectory is discarded and errors are calculated by dividing
the remainder into ten bins which are assumed to be independent. For a given protein, as its density is increased, the magnitude
of the bending rigidity decreases.
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Figure S11: The power spectra of the height fluctuations for a series of published simulations4. All simulations appear to
tend towards 1/q

4 behaviour at low q, as predicted by Helfrich-Canham theory. Each fitted red line is derived from Fig. S6
and the points considered are drawn as coloured squares. Note that these are a log-log plots.
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Figure S12: The power spectrum of the thickness fluctuations for a series of published simulations4. As these simulations
are smaller than those in Fig. S7 small values of q are not sampled and so it is more difficult to determine if the intensity
is approaching an asymptote as predicted by Helfrich-Canham theory. Increasing the number of (A) BtuB or (B) BtuB and
OmpF proteins does not affect the power spectrum of the thickness fluctuations in a systematic manner. (D) There is a hint
that the maximum, seen in the larger coarse-grained simulations (Fig. S7), is less pronounced when an older coarse-grained
forcefield5 is used. Note that these are log-log plots.

14



 10

 20

 0  25  50

 10

 20

 0  25  50

 10

 20

 0  25  50

protein density (%)

K c
 (k

T)

A

+BtuB/OmpF

+OmpF

3:1 POPE/POPG

protein density (%)

K c
 (k

T)

B

protein density (%)

K c
 (k

T)

C

3:1 POPE/POPG

3:1 POPE/POPG

+BtuB

Figure S13: The bending rigidity of the membrane either is unchanged or decreases as the amount of protein added increases.
The bending rigidity decreases when either (A) BtuB or (B) equal amounts of BtuB and OmpF are added to a POPE/POPG (3:1)
lipid bilayer. (C) If only OmpF is added, there is no detectable change in the bending rigidity, K

c

. A published series of coarse-
grained simulations of smaller patches of POPE/POPG containing a range of densities of BtuB, OmpF and BtuB+OmpF4 were
analysed (Fig. S8-S11) and added to our dataset to improve the statistics. Details of these simulations can be found in Table
S2.
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