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Section S1: Materials 
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Figure S1: Chemical structures of DPPC and the deuterated variants used in this study. The label 

underneath each lipid shows our naming convention for this manuscript where DPPC is protiated, 

DPPC-dH is headgroup deuterated, and DPPC-dC is chain perdeuterated. 
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Section S2: Differential Scanning Calorimetry 

 

Table S1: Pre-transition (Tp, Lβ’ → Pβ') and main transition (TM,Pβ' → Lα) temperatures and 

transition widths (T1/2) determined by differential scanning calorimetry on MLVs. 

  Lβ’ → Pβ' Pβ' → Lα 

Lipid Tp [°C] T1/2 [°C] Tm  [°C] T1/2 [°C] 

DPPC 35.5 2.4 42.0 0.7 

DPPC-dH 34.7 2.1 41.8 0.5 

DPPC-dC 32.2 2.7 37.8 0.4 

 

 

Table S2: Pre-transition (Tp, Lβ’ → Pβ') and main transition (Tm,Pβ' → Lα) temperatures and 

transition widths (T1/2)  of an aLUV composed of DPPC-dH enriched inner leaflet and a DPPC-

dC-enriched outer leaflet. Parameters were determined by modeling Tp  with a single Gaussian 

and modeling Tm with 3 Gaussians.  

  Lβ’ → Pβ' Pβ' → Lα 

Lipid Tp [°C] T1/2 [°C] Tm  [°C] T1/2 [°C] Tm  [°C] T1/2 [°C] Tm  [°C] T1/2 [°C] 

DPPC 36.0 7.1 39.4 1.7 40.7 1.3 41.8 1.8 

 
 

 

 

 
Figure S2: DSC exotherm for aLUV with a DPPC-dH-enriched inner leaflet and a DPPC-dC-

enriched outer leaflet. Shown are the experimental exotherm (black line) and fit (red line) as a sum 

of four Gaussians (green). 
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Figure S3: DSC exotherms for DPPC LUVs with increasing Pr3+ concentration (from top to 

bottom): 0 mM, 0.08 mM, 0.08 mM and 1.5mM. Thermograms are offset for clarity. 

 

Section S3: Thermodynamic parameters. To better understand the different thermodynamic 

contributions to Ea, we used transition state theory1,2 to determine free energy of activation (ΔG‡), 

enthalpy of activation (ΔH‡) and entropy of activation (ΔS‡) from Ea. The results of these 

calculations are summarized in Table S3, which includes previously reported values obtained in 

SSBs.3 

Table S3: Thermodynamic quantities for DPPC translocation. All units are kJ mol-1.  

Phase Geometry ΔG‡ ΔH‡ TΔS‡a  Ea 

Lβ’ 
SSBb 100.7 ± 0.3 245 ± 10 143 ± 8 224 ± 9 

LUVc not determined (slow translocation) 

Lα SSBb not determined (fast translocation) 

LUVc 116 ± 14 119 ± 14 3 ± 0.6 122 ± 14 
acalculated at 20˚C.; bsolid supported bilayer data from Anglin et al.3; c100 nm large unilamellar vesicle 

data from this study. 
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Section S4: Pr3+ influence on lipid translocation. 

 
Figure S4: NMR spectra of DPPC-dC/DPPC-dH in the presence of 0.05 mM Pr3+. Spectra 1 and 

2 were successive measurements of the same sample, demonstrating Pr3+ does not influence the 

lipid translocation over the duration of the NMR measurements.  

 

 

Section S5: Model of lipid transport. The most general model considers two processes, namely 

exchange between vesicles (intervesicle lipid transport) and flip/flop (intravesicle transport). We 

consider four compartments corresponding to the inner and outer leaflets of vesicle 1 (acceptor) 

and vesicle 2 (donor): 

 

 
 

4.50 4.25 4.00 3.75 3.50 3.25 3.00

 

 

In
te

n
s
it
y

Chemical shift [ppm]

 Measurement 1

 Measurement 2



6 

 

 

Assuming that transport kinetics do not depend on isotopic variants, we write the following rate 

equations for the lipid concentration in each compartment: 

 

𝑑𝑐1 𝑑𝑡⁄ = −𝑘𝑓𝑐1 + 𝑘𝑓𝑐2 

 

𝑑𝑐2 𝑑𝑡⁄ = 𝑘𝑓𝑐1 − (𝑘𝑥 + 𝑘𝑓)𝑐2 + 𝑘𝑥𝑐3 

 

𝑑𝑐3 𝑑𝑡⁄ = 𝑘𝑥𝑐2 − (𝑘𝑥 + 𝑘𝑓)𝑐3 + 𝑘𝑓𝑐4 

 

𝑑𝑐4 𝑑𝑡⁄ = 𝑘𝑓𝑐3 − 𝑘𝑓𝑐4 

 

This is a first-order, homogeneous system of equations, rewritten in matrix form as: 

 

𝑀 =

[
 
 
 
 
     −𝑘𝑓 𝑘𝑓

        𝑘𝑓 −(𝑘𝑥 + 𝑘𝑓)

0            0
  𝑘𝑥            0

0          𝑘𝑥

0          0

−(𝑘𝑥 + 𝑘𝑓) 𝑘𝑓   

  𝑘𝑓 −𝑘𝑓      ]
 
 
 
 

 

 

The characteristic equation is given by: 

 

det[𝑀 − 𝜆𝐼] = 4𝑘𝑥𝑘𝑓
2𝑥 + (6𝑘𝑥𝑘𝑓 + 4𝑘𝑓

2)𝑥2 + (2𝑘𝑥 + 4𝑘𝑓)𝑥
3 + 𝑥4 

 

Further assuming that vesicle 1 and vesicle 2 are identical, the initial conditions for the lipid 

concentration in each compartment are: 

 

𝑐1 = 𝑐4 = 𝐶𝑖𝑛,0 

 

𝑐2 = 𝑐3 = 𝐶𝑜𝑢𝑡,0 

 

Solving for the inner and outer leaflet concentrations and normalizing to the total initial 

concentration (𝐶𝑖𝑛,0 + 𝐶𝑜𝑢𝑡,0) gives: 

 

𝐶𝑖𝑛(𝑡) =
1

2
[1 + (

𝐶𝑖𝑛,0 − 𝐶𝑜𝑢𝑡,0

𝐶𝑖𝑛,0 + 𝐶𝑜𝑢𝑡,0
) 𝑒−2𝑘𝑓𝑡]         (1) 

 

𝐶𝑜𝑢𝑡(𝑡) =
1

2
[1 − (

𝐶𝑖𝑛,0 − 𝐶𝑜𝑢𝑡,0

𝐶𝑖𝑛,0 + 𝐶𝑜𝑢𝑡,0
) 𝑒−2𝑘𝑓𝑡]          (2) 
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From the initial conditions (identical vesicle 1 and vesicle 2), the vesicle—vesicle exchange 

kinetics (kx) do not contribute to the observed kinetics, as expected. The concentrations of the inner 

and outer leaflet lipid (given by Eqs. 1 and 2) are proportional to the inner and outer leaflet peak 

areas obtained from NMR, normalized to the total area. 

 

Taking the difference in peak areas normalized to the initial difference in peak areas gives: 

 

Δ𝐶(𝑡) ≡
𝐶𝑜𝑢𝑡(𝑡) − 𝐶𝑖𝑛(𝑡)

𝐶𝑜𝑢𝑡(0) − 𝐶𝑖𝑛(0)
= 𝑒−2𝑘𝑓𝑡.         (3) 

 

 

The flip-flop halftime is found by setting Eq. 3 equal to 0.5 and solving for 𝑡, which yields: 

 

t1/2 =
ln(2)

2𝑘𝑓
.         (4) 

 

With measurements at multiple temperatures, an activation energy (Ea) can be determined from an 

Arrhenius plot (ln(k) vs. 1/T) using the Arrhenius equation (Eqn. 5). The Arrhenius equation relates 

the rate constant k to Ea, temperature (T), the gas constant (R) and a pre-exponential factor (A).  

 

𝑘𝑓 = 𝐴𝑒−
𝐸𝑎
𝑅𝑇         (5) 

 

Other thermodynamic quantities such as the enthalpy of formation of the activated state, (∆𝐻‡); 

the entropy of formation of the activated state, (∆𝑆‡); and the free energy of activation, (∆𝐺‡) 

were calculated from  Ea (Arrhenius plot) and the following relations originating from the Eyring 

equation:1,2,4  

∆𝐻‡ = 𝐸𝑎 − 𝑅𝑇 

 

∆𝑆‡ = 𝑅 ln (
𝑁𝐴ℎ𝑋

𝑅𝑇
) 

 

𝑋 = 𝑘𝑓𝑒
∆𝐻‡

𝑅𝑇  

 

∆𝐺‡ = ∆𝐻‡ − 𝑇∆𝑆‡, 

 

where h is Planck’s constant and NA is Avogadro’s constant. 
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