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Figure 2: Mechanistic steps of cholesterol release from Lam4S2 revealed from tICA analysis. (A) 3 
2-D landscape representing all the Stage 2 MD trajectories mapped with the tICA 4 
transformation in the space of the first two tICA eigenvectors (tIC 1 and tIC 2). The lighter 5 
shades (from red to light green to yellow) indicate the most populated regions of the 2D space 6 
(see the color bar). Microstates representing the most populated states in these simulations are 7 
indicated by the numbered circles (1-7) and represent various stages in the lipid translocation 8 
process. (B) Structural characteristics of the selected 7 microstates. The columns record the 9 
probability distributions of the cholesterol RMSD, number of water oxygens in the sterol 10 
binding pocket, and distances between residues 61 and 181 (d61-181) and 95 and 169 (d95-169). (C) 11 
Structural models representing selected microstates. In these snapshots, Lam4S2 is shown in 12 
cartoon, and cholesterol as well as selected protein residues (Q121, D61, S181, I95, A169) are 13 
shown in space fill (the residues are labeled in the snapshot of Microstate 4). Water oxygens in 14 
the sterol binding site are drawn as gold spheres. 15 
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Figure 3: Penetration of water into the binding pocket through the side-opening is a key step in 3 
the sterol release process. (A-B) Top view of the sterol binding pocket in Lam4S2 illustrating 4 
closed (panel A) and open (panel B) conformations of the side-opening to the binding site (the 5 
protein models are representative structures from Microstates 1 and 7, respectively). In both 6 
snapshots, residues D61, K89, and S181 lining the side-opening are highlighted (in space-fill, 7 
colored and labeled). The gold spheres in panels A and B represent superposition of water 8 
oxygens in the binding site and near the side-entrance from one of the Stage 2 trajectories 9 
before (panel A) and after (panel B) the side-entrance opens. As a reference, the approximate 10 
location of the cholesterol hydroxyl group is indicated (red oval, marked OH). A water pathway 11 
to the binding pocket, formed under conditions of the open, but not closed, side-entrance is 12 
illustrated in panel B by the yellow arrow.  13 
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Figure 4: The K89A mutation reduces the energy barrier for cholesterol release. (A) Potential of 4 
mean force (PMF) as a function of dZ(chol-121) distance for wild type (red) and K89A (black) 5 
Lam4S2 calculated from umbrella sampling MD simulations at each dZ(chol-121). The structural 6 
representations on the right side of the panel illustrate locations of cholesterol corresponding 7 
to dZ(chol-121) ~2Å (top) and dZ(chol-121) ~20Å (bottom). Residues Q121 and K89 in these snapshots 8 
are also shown. (B) Histograms of number of water oxygens in the sterol binding site 9 
constructed from analysis of trajectories representing various windows in the range of dZ(chol-121) 10 
∈	[2Å; 20Å] from the umbrella MD simulations of the wild type (left panels) and K89A (right 11 
panels) systems.  12 
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Figure 5: The Lam4S2(K89A) mutant does not rescue the nystatin sensitivity of lam2D cells. (A) 3 
Cells (lam2D) were transformed with an empty vector (top row) or with a vector for expression 4 
of GFP-Lam4S2 wild-type (WT) or mutants as indicated. Serial 10-fold dilutions were spotted 5 
onto agar plates containing defined minimal media (- uracil) lacking (-) or containing 2 µg/ml (+) 6 
or 8 µg/ml (++) nystatin. The plates were photographed after 72 h at room temperature. (B) 7 
Equivalent amounts of cytosol from lam2D cells expressing GFP-Lam4S2 wild-type or mutants 8 
were analyzed by SDS-PAGE and immunoblotting using anti-GFP antibodies to detect the fusion 9 
proteins and anti-GAPDH to verify equivalent loading. 10 

 11 
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Figure 6: Purification and characterization of Lam4S2 mutants. (A) Lam4S2 wild-type and the 3 
S181A and K89A mutants were purified as His-tagged proteins via affinity chromatography and 4 
size-exclusion. The purified proteins were analyzed by SDS-PAGE (4-20% gradient gel) and 5 
Coomassie staining. (B) Size-exclusion analysis of purified proteins. (C) Circular dichroism 6 
spectra of purified proteins. Protein samples were 12 µM and the spectra shown are the 7 
average of 3 scans per sample. (D) Sterol extraction by purified Lam4S2 and mutants. Sucrose-8 
loaded liposomes (DOPC:DOPE:DOPS:cholesterol, 49:23:23:5 mol %, doped with 9 
[3H]cholesterol) were incubated with 750 pmol of purified proteins for 1 h at room 10 
temperature. After ultracentrifugation, the radioactivity and the protein amount in the 11 
supernatant was determined, and the stoichiometry of binding was calculated. Data are 12 
represented as mean ± SEM (error bars; n = 5-7). Data are normalized to the value obtained for 13 
the wild-type protein (0.11 ± 0.02 pmol cholesterol/pmol protein (mean ± standard deviation 14 
(n=6)). 15 
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Figure 7: Sterol transfer activity of Lam4S2 mutants. (A) Schematic of the sterol transport assay. 3 
(B) Spontaneous sterol exchange between vesicles and transport catalyzed by wild-type Lam4S2 4 
(0.05 µM); Traces (n=7-8) were acquired from three independent experiments and averaged. 5 
The blue and dashed lines represent monoexponential fits of the averaged data; the grey bars 6 
graphed behind the fits represent the standard error of the mean (s.e.m.). (C) As in panel B, 7 
except that Lam4S2 mutants were tested (n=5-7). The data fits for traces corresponding to 8 
spontaneous transport and transport catalyzed by the wild-type protein are taken from panel B 9 
and shown for comparison. (D) Rate constants (colored symbols) obtained from mono-10 
exponential fits of individual traces from the experiments depicted in panels B and C. The bars 11 
show the mean and s.e.m. of the data.   12 
  13 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 30, 2019. ; https://doi.org/10.1101/623777doi: bioRxiv preprint 

https://doi.org/10.1101/623777
http://creativecommons.org/licenses/by/4.0/


 28 

Figure Supplements 1 
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Figure Supplement 1. Crystal structures (surface representation) of Lam/GramD1 domains with 5 
bound sterol. The structures (PDB ID: 6CAY (Lam2S1), 5YS0 (Lam2S2), 6GQF (GramD1a), 6BYM 6 
(Lam4S2)) are oriented with their sterol entry/exit site at the bottom, and displaying the lateral 7 
fracture (side-opening) through which the bound sterol is visible from the bulk solvent. 8 
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Figure Supplement 2: tICA analysis of Stage 2 simulations. (A) Contribution of each tIC vector to 4 
the total fluctuation of the system in the Stage 2 simulations. (B) The full set of Stage 2 5 
trajectories mapped on the 2D landscape of the first two tICA eigenvectors (tIC 1 and tIC 2). 6 
Shown also are locations of the 100 microstates (red squares) obtained from the k-means 7 
clustering analysis of the conformational space. The lighter shades on the 2D space indicate the 8 
most populated regions (see also Figure 2). 9 
 10 
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Figure Supplement 3: Mechanistic steps of cholesterol release from Lam4S2 revealed from tICA 3 
analysis. (A) 2-D landscape re-drawn from Figure 2A of the main text representing all the Stage 4 
2 MD trajectories mapped with the tICA transformation in the space of the first two tIC vectors. 5 
The lighter shades (from red to light green to yellow) indicate the most populated regions of 6 
the 2D space (see the color bar). Microstates (see Methods) representing the most populated 7 
states in these simulations are indicated by the numbered circles (1-7) and represent various 8 
stages in the lipid translocation process. (B) Structural characteristics of selected microstates. 9 
The columns from left to right record the probability distributions of dchol-121 distance, of dZ(chol-10 
121) distance, of number of lipids within 3Å of cholesterol, and of d61-89 distance. (C) Structural 11 
snapshot zoomed at the side-entrance to the sterol binding pocket highlighting juxtaposition of 12 
D61, K89, and S181 residues (labeled). For completeness, the cholesterol is also shown in 13 
space-fill representation and is labeled. (D) Structural models representing microstates from 14 
panel B. These snapshots illustrate gradual immersion of the cholesterol molecule into the 15 
membrane as it exits the binding site. In these models, lipids within 3Å of cholesterol are shown 16 
in licorice, cholesterol in space-fill, and residue Q121 is colored in ice-blue and labeled. In 17 
addition, the C-terminal helix and the Ω1 loop are depicted in yellow and purple, respectively, 18 
and z-axis direction is highlighted.  19 
 20 
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Figure Supplement 4: Probability distribution of the number of water oxygens in the sterol 3 
binding pocket calculated from the analysis of the Stage 1 ensemble MD simulations of apo 4 
Lam4S2 (based on PDBID 6BYD). The high degree of hydration of the binding pocket seen for 5 
the apo protein recapitulates the level of solvation observed in the MD simulations of the 6 
cholesterol-bound Lam4S2 after sterol exit (see Microstates 5-7 in Figure 2B). 7 
 8 
 9 
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Figure Supplement 5: Sterol release sampled in multiple trajectories. Projection on the 2D tICA 3 
landscape from Figure 2A of each individual trajectory from Stage 2 simulations. The 2D tICA 4 
map is drawn as in Figure 2A but using smaller-size transparent dots. The colors of the larger 5 
dots indicate the time-frames in the evolution of the trajectories: darker colors (blue, cyan) 6 
represent the initial stages of the simulations, lighter colors dots (yellow, green) correspond to 7 
the middle part of the trajectories, and red shades show the last third of the trajectories. The 8 
tICA landscapes boxed in red represent simulations in which the cholesterol translocation 9 
process was sampled in its entirety. The landscapes marked with a green star are simulations in 10 
which the system evolved from Microstate 1 to Microstate 5 but did not progress further. 11 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 30, 2019. ; https://doi.org/10.1101/623777doi: bioRxiv preprint 

https://doi.org/10.1101/623777
http://creativecommons.org/licenses/by/4.0/


 33 

 1 
 2 

Figure Supplement 6: Selection of trajectory frames to initiate simulations of D61A, S181A, and 3 
K89A mutants. Time-evolution of d61-181 distance (A), cholesterol RMSD (B), and number of 4 
water oxygens in the sterol binding site (C) during one of the Stage 2 simulations in which sterol 5 
release was observed. The two trajectory frames that were selected for initiating simulations of 6 
the mutants are marked by arrows (120 ns and 150 ns time-points).   7 
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Figure Supplement 7: Cholesterol destabilization during unbiased ensemble MD simulations of 3 
the S181A, K89A and D61A Lam4S2 mutants. (A) Number of water oxygens in the sterol binding 4 
site as a function of time in simulations of S181A, K89A, and D61A Lam4S2 (top, middle, and 5 
bottom panels, respectively). The results for 10 statistically independent replicates in the 6 
corresponding ensemble of trajectories are shown in different color traces. (B) Minimum 7 
distance between cholesterol and Q121 residue (dchol-121) as a function of time in simulations of 8 
S181A, K89A, and D61A Lam4S2 (top, middle, and bottom panels, respectively). The results for 9 
10 statistically independent replicates in the corresponding ensemble of trajectories are shown 10 
in different color traces. (C) Histograms of number of water oxygens corresponding to the time-11 
traces in panel A. (D) Histograms of dchol-121 corresponding to the time-traces in panel B.  12 
 13 
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Figure Supplement 8: K89A mutation promotes opening of the side-entrance to the binding 4 
pocket and influx of water. Histograms of dchol-121 (A-B) and d61-181 (C-D) distances constructed 5 
from analysis of trajectories representing various windows in the range of dZ(chol-121) ∈	[2Å; 20Å] 6 
from the umbrella MD simulations of the wild type (A, C) and K89A (B, D) systems. 7 
 8 
 9 
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Figure Supplement 9: The potential of mean force calculations with WHAM. (A-B) Probability 3 
distributions of dZ(chol-121) distance in different windows sampled during the umbrella MD 4 
simulations for the wild type (panel A) and the K89A mutant (panel B) systems. The data for the 5 
different umbrella windows is represented in histograms of different color. (C-D) Auto-6 
correlation function (ACF) vs. time in different windows sampled during the umbrella MD 7 
simulations for the wild type (panel C) and the K89A mutant (panel D) systems. The color-code 8 
is the same as in panels A-B. 9 
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Movie Supplements 1 
 2 
Movie Supplement 1: Molecular dynamics trajectory of cholesterol egress from Lam4S2. The 3 
movie is based on one of the Stage 2 simulations of wild type Lam4S2. The total length of the 4 
trajectory is 350 ns. In the movie, Lam4S2 is shown in white cartoon, the cholesterol molecule is 5 
represented in ice-blue colored space-fill, S181, D61, and K89 residues are drawn in space-fill, 6 
oxygen atoms of water molecules in the sterol binding site are depicted as pink spheres, the 7 
membrane leaflet to which Lam4S2 is bound is represented by the nearby lipid phosphate 8 
atoms (golden spheres), and lipid molecules within 3Å of the cholesterol are shown in licorice 9 
representation. The rest of the simulation box is omitted. For clarity, the trajectory frames are 10 
smoothed for the movie. 11 
 12 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 30, 2019. ; https://doi.org/10.1101/623777doi: bioRxiv preprint 

https://doi.org/10.1101/623777
http://creativecommons.org/licenses/by/4.0/

