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Figure S1 | Radially integrated small angle X-ray scattering intensity versus scattering wave vector in the absence
(black) and presence (red) of 1 mol/kg TMAO. Vertical dashed lines represent the peak position for water,
highlighting the shift between DMPC in water and in 1 mol/kg TMAO.

Table S1. Details of simulation setups: number of molecules and duration
0m
Water 4753
TMAO 0
DMPC 128
t (ns)
100

0.1 m
4668
9
128
100

0.5 m
4710
42
128
100

1m
4668
84
128
100

Table S2. Membrane bilayer physical constants for different TMAO concentrations derived
from MD simulations

DB [Å] a
AL [Å2] a
PN [°]

K c [kT] b

 0 [Å] c

Property description
Bilayer thickness

0m
35.7 ± 0.2

0.1 M
36 ± 1

0.5 m
35.9 ± 0.2

1m
36.6 ± 0.2

Area per lipid

60.8 ± 0.4

60.3 ± 0.4

60.3 ± 0.4

57.75 ± 0.35

70.14

70.71

71.26

6.8 ± 0.2

7.4 ± 0.6

7.7 ± 0.4

1.56 ± 0.03

1.52 ± 0.06

1.45 ± 0.06

Average
headgroup 69.96
dipole orientation
Monolayer Bending 6.9 ± 0.4
modulus
Water
spatial 1.46 ± 0.05
correlation
decay
length

a. Error was obtained using the block averaging method.(14)
b. Error represents s.d. when choosing different sub-segments for analysis, and different ranges for the quadratic fit
as in ref (15)
c. In order to compare the water decay length at the different TMAO concentrations from simulations, we fit the
decays shown in Fig. 2c to the functional form taken from Marčelja and Radić(16), following an analysis similar to
that presented in Schneck et al.:(17)
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Here, the order parameter cos  is the average dipole orientation of the water relative to the membrane normal at
distance Z to the solvent midplane, and the fit was performed up to (but not into) the headgroup region. Error is
determined by the fit's 95% confidence bounds. See also Fig. 2c.
Z

S1. Membrane thickness determination using the gravimetric method.
To calculate the Gibbs-Luzzati bilayer thickness, DB , (shown schematically in Fig. 1b) swelling curves
were obtained by adding solutions of known composition and weight to lipid of known weight,
determined gravimetrically.(18, 19) Samples were equilibrated, and D spacing determined using SAXS,
as described in SI Appendix Section S2. The curves of D vs. 1/ L show saturation at the point where

L (indicated by the vertical
dashed lines shown in Fig. 2a and b). At this first point of full hydration the relation D  L DB exactly
bilayer repeat spacing D no longer changes with lipid volume fraction,

holds. The error in DB (shown in Fig. 2) is calculated from the intersection between the fully hydrated
lipid and the limits of the 95% confidence bands of the linear fit. The lipid volume fraction, L , is given
by
1
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Where ni is the number of moles of species i, and vi is the specific volume of the component. In Eq. S2,
subscript L denotes the lipid component ( vL  0.978 ml/g for DMPC (20)) and sol denotes the solution
included between bilayers. The number of moles are calculated from weights obtained using a Mettler
Toledo Excellence Plus XP microbalance.

S2. Determination of inter-bilayer solvent thickness Dw
To calculate the inter-bilayer solvent thickness, we rely on lipid incompressibility and use the volume per
DMPC molecule, VL  1,100 Å3, to calculate the lipid bilayer thickness as DB  2VL AL , where AL is
the surface area per lipid. We use the data from Kinnun et al.(21) to evaluate the area per lipid as a
function of applied pressure, and find a minor change only at very high exerted pressures. Using the
bilayer thickness, we find the water layer thickness through Dw  D  DB . We moreover find an exact
overlap between our data of osmotic stress curves (shown as blue squares in Fig. 3a) and Dw as reported
by Nagle et al(20) by subtracting a constant 6.05 Å from our Dw data (in the absence of TMAO), so that

Dw  D  DB  6.05Å .

Table S3. Parameters used for EOS fitting
symbol

value
4.88 ×10-14 erg
1.13 ×109 dyn/cm2

Kc
A0 d

meaning
Hamaker constant
Hydration force amplitude
Hydration force decay length
Bilayer rigidity
Amplitude of membrane fluctuations

1.09 Å-2

 fl d

Membrane fluctuation decay length

5.1 Å

H a,b
PH

 b

b,c

1.97 Å
8 ×10-13 erg

a. value is given for pure DMPC in water (no TMAO). Values for TMAO solutions are calculated as described in
section S5.
b. Values taken from ref. (22)
c. Value is varied in Fig. 3b to see the limits of bilayer rigidity effect
d. Values derived from the fit of the mean square fluctuation of lipid bilayer with respect to the water spacing,
following the data and analysis in ref. (22). See section S6 for details.

S3. Calculation of Hamaker constant
Using Lifshitz theory it is possible to derive the value of the Hamaker constant, as long as the dielectric
permittivity of the media and its variation with frequency are known. We consider the case of two
identical (say lipid, L) phases interacting across another medium (say aqueous solution, sol), where the
expression for the Hamaker constant is(23, 24)
2
2
3h e  L   sol 
3   L   sol 
H  kT 
 
4   L   sol  16 2  2   2 3/2
L
sol
2

2

(S4)

In this expression  i is the dielectric constant,  i is the refractive index of the medium at visible
wavelength,  e is the main electronic absorption frequency in the UV,  3  1015 s 1 . Accordingly, we
have used h = 2 ×10-18 J. We also use available experimentally derived values of the spectroscopic
parameters. The refractive index of TMAO solutions at a given concentration was evaluated from the
experimentally determined expression (25, 26)

cTMAO  0.0038  103.3151   259.43   2

,

(S5)

where    water   sol , and the index of refraction of water at 30°C is  water  1.3313 .(27) The
dielectric permittivity of TMAO solutions were taken from ref. (28) by using the relation
 sol  76.5  5cTMAO , which properly interpolates values from no TMAO at 30 °C to the highest
concentrations we have used in this study. The dielectric permittivity of the lipid (hydrocarbon) part was
assumed to be 2 throughout.(23, 24) The values in pure water as solvent derived from Eq. S4 correspond
to Hamaker constants determined also in other models of lipids, including in the modeling of the high
resolution x-ray study of Petrache et al(22). Overall, the presence of TMAO acts to reduce the Hamaker
constant, as shown in Fig. S2, indicating a weakening of the vdW attraction between membranes. We
have compared the results from this model with those of a more elaborate model(29) that contains an
additional slab of TMAO-free solvent close to the membrane interface that would correspond to the

volume of TMAO exclusion. The results for this model deviate significantly from those of the more
simple model described here only at very high TMAO concentrations, above 2m, which we did not
attempt to model in this work. Importantly, the estimated Hamaker coefficient will not change the
fundamental conclusions we have reached. For example, even reducing the change in the Hamaker
constant from the value in pure water due to TMAO by 50% would only change KP (see Fig. 4) by ±
0.0001 at 1m concentration, and the conclusion that KP <1 will remain the same for all concentrations.

Figure S2 | Hamaker constants derived for various concentrations of TMAO. Red line guide to the eye is a quadratic
fit of the calculated data points.

S4. Calculation of the derivative of the mean square fluctuation of the membrane
The last term in the EOS (Eq. 1) requires the derivative of the membrane fluctuations with respect to
Dw .The values for these fluctuations has been obtained from high resolution X-ray scattering
experiments of DMPC at 30°C, as reported in Petrache et al.(22) We used the data from Fig. 5a in ref.
(22) and following the procedure in work, we fit  2 vs Dw , to an exponential function, so that
 Dw

A 
d 2
  0 e fl .
dDw
 fl
Fitting according to ref. (22) results in A0 =1.09 Å-2 and  fl = 5.1 Å.
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Figure S3 | Measured osmotic pressure of water:PEG:TMAO tertiary solutions. Data for PEG solution in the
absence of TMAO is taken from P. Rand.(30) Colors represent TMAO concentrations. Dashed lines are guides for
the eye. We find that the rise in measured TMAO osmotic pressure in the presence of PEG can be explained by
uptake of water molecules by PEG that are essentially inaccessible to TMAO, an effect that has not been addressed
previously.

S5. Calculation of TMAO preferential interaction coefficient with membrane from simulations

The thermodynamic property that is relevant for determining the lipid preferential hydration in
TMAO solutions is  w , the preferential interaction coefficient. The parameter  w expresses the net
number of water molecules from which TMAO is excluded per lipid. A positive  w value describes
TMAO exclusion from the membrane, and a negative  value describes a preferential inclusion
of TMAO in the membrane domain. To extract  w from the simulation we use  w  Z  , defined as
(31)

 N N 
 w  Z   NW 1  T W  .
nT nW 
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In this definition, we divide the aqueous medium into two domains (or “slabs”): the membrane slab
(from bilayer to Z), and the bulk layer (from Z to water's midplane). In Eq. 1, NW and NT
represent the number of water and TMAO molecules in the membrane slab (per lipid), and nW and
nT represent the number of water and TMAO molecules in the bulk layer, respectively. The value at
which  w  Z  converges, as shown in Fig. S4, is the preferential hydration coefficient  w . The

value of  w may also be calculated using the alternative, yet completely equivalent, KirkwoodBuff approach.(32) Calculating  w by both methods yielded similar results indicating that
 w  11 water molecules from which TMAO is excluded for all TMAO concentrations simulated,
Fig. S4 and inset of Fig. 5a.

Figure S4 | The cumulative preferential hydration,
excluding waters per lipid,

 w  Z  at three TMAO concentrations. The number of TMAO-

 w  11 , as seen by the convergence towards the bulk.

S6. Addition of high pressure term to EOS
We found that is not possible to describe our experimental curves at high TMAO concentrations and high
PEG exerted pressure with the EOS in Eq. 1, due to an upward inflection in the isotherms at these
concentrations, Fig. S5a. Specifically, the data indicates that in this range there is a strong TMAO
concentration dependent repulsion between the bilayers that cannot be accounted for using the usual
hydration interaction. This repulsion has a very short decay length and an amplitude that grows steeply
with TMAO concentration. To account for this additional component, we can add a corresponding
phenomenological term to Eq. 1, which then becomes,
D
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with Pt describing the amplitude and t denoting the decay length of this additional force. We fit this
equation to our high TMAO concentration curves (cTMAO ≥ 0.5 mol/kg) and find an excellent match with
our experiments when t = 0.5 Å for all curves, as shown for the high-pressure region in Fig. S5b. We
suggest that this term may represent the solvation force that residual TMAO exerts when membranes
come within a few angstroms of each other. Because TMAO is significantly larger than water, these
forces are experienced at distances larger than those at which hydration forces become strongest.
Although we found no evidence for lipid phase transitions in the wide angle SAXS regime (e.g. to the gel
phase) under these high PEG pressure conditions, we cannot completely exclude the possibility that under
these extreme osmotic pressures and high TMAO concentrations there are additional structural changes to
the lipid bilayer that would change its apparent thickness.

Figure S5 | Fourth term in EOS required to fit experimental data at high pressures. Symbols are experimental data
points and lines are the EOS. Water curve (blue) is shown for reference. (a) Without the addition of the fourth term
(Eq. S5), all EOS lines would coincide with water at high pressures. The strong deviation above log P > 6 indicates
the presence of an additional force. At lower pressures, however, the fit is poor. This is because the excess pressure
exerted by uneven partitioning of TMAO is not accounted for. (b) Subtracting the pressure inside the lipid bilayers,

 MLV ,

from the EOS curves (see main text), the isotherms overlap our experimental results over the entire
experimental range.
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