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figure S1. Evolutionary conservation of key PD-L1-TC features

(A) The vectorial arrangement of the CRAC motif (59) is shown with the cholesterol molecule
—OH group binding the K/R residues with hydrogen bonding, the cholesterol acyl tail binding
the L/V residues through hydrophobic interactions, and the cholesterol rings binding the F/Y/W
residues through =-n interactions.

(B) The domain organization of human PD-L1 and the amino acid sequence of PD-L1-TC
(residues 232 to 290). The PD-L1-TC constructs used in this study are shown with the cysteine
and methionine residues (colored in blue) mutated. Residues colored in red represent the two
predicted cholesterol binding motifs; CRAC1 (containing residues L255, F257, and R260) and
CRAC2 (containing residues L255, F259, and R262).

(C) Ten vertebrate species were chosen for PD-L1 protein alignment. The sequence logo (60)
(lower panel) illustrates the degree of amino acid conservation based on PD-L1-TC alignments.
The relative conservation of each amino acid residue is indicated by the height of each letter
stack. Amino acids are color-coded as basic (blue), acidic (red), neutral (purple), polar (green),
or hydrophobic (black). We noticed that the conserved CRAC motif in mouse shifts one residue
from that of other species.
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figure S2. Cholesterol colocalizes and stabilizes PD-L1 in RKO cells

(A) Representative fluorescent images demonstrating colocalization of endogenous PD-L1 and
cholesterol on the plasma membranes, obtained with confocal fluorescence microscopy. RKO
cells were stained with anti-PD-L1 antibody (green) and Filipin 11l (red). Scale bar = 15 um.
This experiment was repeated twice independently and showed similar results.

(B) Fluorescence intensity profiles of endogenous PD-L1 and Filipin 111 seen along the white
line in the rightmost panel of (A). The intensities (y-axis) are plotted across the white line (x-
axis) with the colocalizing sites indicated by yellow arrows. The data were quantified with
ImageJ.

(C-D) RKO cells were incubated with cycloheximide (CHX, 50 uM) (left) or with CHX and
cholesterol (20 uM) (right). PD-L1 levels were analyzed via Western blot at the indicated time
points (C). The intensity of PD-L1 expression (normalized to GAPDH) was quantified with
ImagelJ (D). The experiment was repeated twice independently with similar results.

(E-F) The ubiquitination level of PD-L1 in HEK293FT cells was substantially increased after
the addition of MCD or simvastatin. HEK293FT cells expressing exogenous V5-ubiquitin and
PD-L1 were cultured with MCD (5 mM for 6 hours) (E) or simvastatin (Sim, 10 uM for 12
hours) (F). After treatment with 20 pM MG132 for an additional 4 hours, PD-L1 ubiquitination
was measured with V5 immunoblotting after immunoprecipitation with anti-PD-L1 antibody;
immunoglobulin G (IgG) was used as the control. This experiment was repeated twice
independently with similar results.



A o 4 B C
100 10 102 ma 10 105

: 2 80 == [FN-y
M._ﬂ [ .70 == NK supernatant IFN-y
3 77.1% T 601 @ — @ 0 h sample
a = 501
[ (=]
W g 18.1%| o = 40 r?:::\ff 37C
g 30
M T E 20 + CHOL y 6 hours
l || E F] ] I
[smasein 0 279%| | & 10 X,
o}
- ' 60.1%| | 3 0 { surface PD-L1 Q
5 o ¥ & & & 9 Y anti PD-L1-APC
O No IFN-y ,f’/ i\ 23.4% Z _é‘{ $ -\'_g_j 5
T T e L e eQ &
0 1 2 3 4 5 o?
10 10 10 10 10 10
PD-L1-APC
D Control CHOL E .
e CHOL
1 1 100 -
| i s Control
&h : 476% || 6h N/ O
— : L F — = 801
4n 3 65.7% | | " ; 85.1% ng'_ ]
3 75.7% § 89.2% % 60 P<0.001
! - @
‘ & |
€|on 1 89.3% | 89.4% 5
- o /\7 b - f\ \,_7 4 2 401
8 noIFNs /7 N 31.3% no\FN > 34.2%
L B e ) Bt B T T T T T y y y T
10° 10 10* 10° 192 10" 0 2 4 6
Time (h)
PD-L1-APC

figure S3. Effects of cholesterol on cell surface PD-L1 levels of K562 cells

(A-B) Flow cytometric analysis of cell surface PD-L1 abundance in K562 cells. K562 cells
were pre-treated with 50 U/ml IFN-y (upper four curves) or NK supernatant (lower four curves)
for 12 hours, then were treated with MCD (5 mM) or simvastatin (10 uM) (A). Levels of PD-
L1 were quantified with ImageJ (B).

(C) Diagram showing the assay performed to study changes in the levels of PD-L1 on K562
cell surfaces after control or cholesterol treatment. K562 cells were pre-treated with 50 U/ml
IFN-y for 12 hours, then cell surface PD-L1 was labelled with anti-PD-L1 antibody at 4 °C.
After washing off unbound antibody, cells were incubated at 37 °C with or without cholesterol.
PD-L1 levels were then recorded at 0, 2, 4, and 6 hours via flow cytometric analysis.

(D-E) Following the procedure shown in (C), levels of PD-L1 on the surface of K562 cells were
analyzed by flow cytometry in the absence (left) or presence (right) of 25 uM cholesterol at the
indicated time points (D). Relative abundance of membrane PD-L1 was quantified with FlowJo

(B).
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figure S4. Expression, purification, and bicelle reconstitution of PD-L1-TC

(A) Reverse phase HPLC purification of human PD-L1-TC from CNBr-cleaved TrpLE-PD-L1-
TC on a Zorbax SB-C3 column with a gradient from 40-100% acetonitrile (ACN) and 0.1%
trifluoroacetic acid (TFA). The purified PD-L1-TC product was verified with SDS-PAGE and
mass spectrometry.

(B) MALDI-TOF mass spectrometry signal (left) and SDS-PAGE results (right) showing
HPLC-purified PD-L1-TC protein. The molecular weight (MW) of PD-L1-TC was measured
as 6692.7 Da; the theoretical MW of the monomer 1s 6683.71 Da.

(C) "H NMR spectrum of the DHPC and DMPC methyl peaks from PD-L1-TC NMR sample.
The bicelle q value calculated using the integrated areas of the DH*PC and DMPC methyl peaks
was 0.5.

(D) Schematic illustration of PD-L1-TC reconstituted in DMPC/DH®PC bicelles with the planar
lipid bilayer formed by DMPC in a radius of 25.5 A and the micellar lipid rim formed by DH°PC
in a radius of 20 A.
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figure S5. NMR characterization of PD-L1-TC in bicelles

(A) The methyl group region of the 2D '"H,"*C HSQC with 28 ms constant-time "*C evolution,
recorded at an 'H frequency of 900 MHz, using (*°N, *C)-labeled PD-L1-TC protein.

(B) Chemical-shift-based secondary structure prediction of PD-L1-TC in bicelles. The graph
shows the probability of each residue being part of the o helix, as determined with TALOS+
software (31).

(C) Residue-specific strips taken from the 3D '"N-separated NOESY-TROSY-HSQC spectrum
(NOE mixing time = 120 ms) recorded at 900 MHz using the ('°N, '3C)-labeled PD-L1-TC in
deuterated DMPC/DH®PC bicelles. Water peaks are indicated by the red dotted line.
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figure S6. MD simulation of PD-L1 with cholesterol

(A) Root-mean-square deviation (RMSD) plots of a selection of atoms in the PD-L1 protein
against simulation time, showing system convergence and stability of simulations. Green lines:
backbone atoms; Blue lines: Ca atoms; brown lines: heavy atoms; dark brown lines: sidechain
atoms.

(B) RMSD plots of cholesterol against simulation time, showing system convergence and

stability of simulations. Purple lines: ligand atoms fitting on ligand; dark red lines: cholesterol
atoms fitting on PD-L1 protein.
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figure S7. MD simulation of PD-L1 with cholesterol

(A) Root mean square fluctuation (RMSF) was used to characterize local changes along the
protein chain. Peaks indicate areas of the protein that fluctuated the most during the simulation.
Overall, the protein backbone atoms were highly stable, with RMSF values below 1 A when
cholesterol binds to CRAC1 or CRAC2 motif. Typically the tails (N- and C-terminal) fluctuate
more than any other part of the protein. Secondary structure elements such as a-helices in the
membrane (residues 240 to 262) are usually more stable than the unstructured part of the protein,
and thus fluctuate less than the loop regions.

(B) RMSF was calculated for the ligand, which may provide insights into how ligand fragments
interact with the protein during the binding event, after energy minimization. The RMSF values
of cholesterol atoms were smaller than 1 A indicating that the ligand is stable with respect to
the protein. However, the rigid part (four rings) of cholesterol is more stable than the tail region,
meaning that the rigid segment is the primary region of interaction with the protein.
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figure S8. Cholesterol binding sites verified by NMR titrations with mutant proteins

(A) "H->'N TROSY-HSQC spectra of the mutant proteins PD-L1-TC°7A, PD-L1-TC"**°4, PD-
L1-TCR*%A and PD-L1-TCR?*62Ain the absence (red) or presence (green) of 1.5 mM cholesterol.
(B) Comparison of NMR chemical shift changes for PD-L1-TCWT and PD-L1-TC mutants in
the absence and presence of 1.5 mM cholesterol in DMPC/DHPC bicelles.
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figure S9. CRAC motifs are critical for localization of PD-L1

(A) Schematic illustration of the EGFP-PD-L1-TC fusion protein, including EGFP (green)
and PD-L1-TC (residues 232 to 290, magenta).

(B) Amino acid sequences of PD-L1-TCWT, PD-L1-TCF257AR260A ppy-| 1-TCF259AR262A gng
PD-L1-TC*M,

(C) RKO cells were transfected with EGFP-PD-L1-TCV', EGFP-PD-L1-TCF37AR260A ' EGFP-
PD-L1-TCFAR2624 " or EGFP-PD-L1-TC*™ plasmid and observed with confocal microscopy.
Scale bars = 20 um. The intensity profiles of PD-L1 as indicated with white lines are plotted
at right. The assay was repeated twice with similar results.
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figure S10. Detection of PD-L1 protein and mRNA levels in PD-L1-knockdown RKO
cells

(A) The knockdown effect on endogenous PD-L1 in RKO cells was analyzed by Western blot
(upper panel) and RT-gPCR (lower panel). Data are shown as the means + SD (n = 3). P values
were calculated with unpaired two-sided Student’s #-test. NC indicates the negative control
using non-targeting ShRNA; sh1—sh3 are the PD-L1 knockdown cell lines, which used different
targeting shRNAs as described in the Methods.

(B) mRNA levels of PD-L1 in endogenous PD-L1-knockdown RKO stable cells expressing
exogenous PD-L1-TCVT, PD-L1-TC"7#, PD-L1-TC*°A, PD-L1-TCR**°4, or PD-L1-TCR?62A
were analyzed by RT-gPCR. Data are shown as the means + SD (n = 2). P values were
calculated with unpaired two-sided Student’s #-test.



table S1. NMR and Refinement Statistics for PD-L1-TC Structures (PDB 7DCYV)

NMR Distance and Dihedral Constraints

Distance constraints from NOE 330
Intra-chain NOEs 278
Inter-residue 240
Sequential (|i—j|=1) 140
Medium-range (1< [i —j| <4) 52
Long-range ([i-j| > 4) 48
Hydrogen bonds 38
Total dihedral angle restraints 52
¢ (TALOS) 26
Y (TALOS) 26

Structure Statistics *
Violations (means + SD)

Distance constraints (A ) Statistics 0.068 = 0.006
Dihedral angle constraints () 0.036 + 0.044
Deviations from idealized geometry

Bond lengths (A ) 0.006 = 0.000

Bond angles () 0.579 £0.018
Impropers () 0.337 £ 0.058
Average pairwise RMSD (A ) ®

Heavy 1.194

Backbone 0.619
Ramachandran plot statistics from psvs * (%)

Residues in most favored regions 78.7

Residues in additional allowed regions 21.3

Residues in generously allowed regions 0.0

Residues in disallowed regions 0.0

® Statistics were calculated and averaged over an ensemble of the 15 lowest energy structures
of the 200 calculated structures.

® The precision of the atomic coordinates is defined as the average RMSD between the 15 final
structures and their mean coordinates. The calculation only includes the structured regions of
the protein: residues 236 to 260 for PD-L1-TC.
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