
Chemistry—A European
Journal

Supporting Information

CryoEM Structure with ATP Synthase Enables Late-Stage
Diversification of Cruentaren A
Xiaozheng Dou, Hui Guo, Terin D’Amico, Leah Abdallah, Chitra Subramanian,
Bhargav A. Patel, Mark Cohen, John L. Rubinstein, and Brian S. J. Blagg*

Wiley VCH Freitag, 19.05.2023

2329 / 296422 [S. 213/213] 1



Table of Contents: 
Page S3 Figure S1. Cruentaren A inhibits ATP hydrolysis by purified ATP synthase. 
Page S4 Figure S2. Workflow for cryo-EM image analysis. 
Page S5 Figure S3. CryoEM map validation. 
Page S6 Table S1. Cryo-EM data collection, refinement, and validation statistics. 
Page S7 ATP synthase purification 
  Enzyme-coupled ATPase assay for ATP synthase   
  CryoEM grid preparation 

CryoEM data collection 
  Image analysis 
Page S8 Atomic model building 

Antiproliferative assay 
Page S9 References 
Page S10-23  1H, and 13C NMR spectra for final compounds 
  



 
Figure S1. Cruentaren A inhibits ATP hydrolysis by purified ATP synthase. The dose 
response curves were measured using a pyruvate kinase/lactose dehydrogenase coupled assay. The 
mean values (filled symbols) from two independently purified protein batches (black and gray 
circles) are shown, with n = 3 separate assays for each protein batch at each drug concentration. 
Data are presented as mean values ± s.d. Full activity is defined at 0 nM cruentaren A. 



 

 
Figure S2. Workflow for cryo-EM image analysis. Example micrographs (A, C), 2D class 
average images (B, D), and workflow for obtaining maps of the F1 regions (E, F) for 25 μM and 
100 μM cruentaren-bound ATP synthases, respectively. 



 
Figure S3. CryoEM map validation. Fourier shell correlation curves after gold-standard 
refinement corrected for masking(A), local resolution maps (B), and orientation distribution plots 
(C) are shown for the maps of the F1 regions from the 25 μM and 100 μM cruentaren-bound 
datasets. 



Table S1. Cryo-EM data collection, refinement, and validation statistics. 

 yF1FO 25 µM cruentaren A 
(EMDB-28819) 

yF1FO 100 µM cruentaren A 
(EMDB-28818) 
(PDB 8F2K) 

Data collection and processing   
Magnification    75,000 75,000 
Voltage (kV) 300 300 
Electron exposure (e–/Å2) 37 42 
Defocus range (μm) 0.9-3.3 0.6-2.9 
Movie pixel size (Å) 1.04622 1.04622 
Symmetry imposed C1 C1 
Initial particle images (no.) 50,044 1,352,159 
Final particle images (no.) 22,581 535,329 
Map resolution (Å) 
    FSC threshold 

4.5 
0.143 

2.9 
0.143 

   
Refinement   
Initial model used (PDB code)  7MD2 
Model resolution (Å) 
    FSC threshold 

 3.0 
0.5 

Map sharpening B factor (Å2)  -109.2 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
 

 
22402 
2962 
12 

B factors (Å2) 
    Protein 
    Ligand 

 
 

 
72.56 
70.13 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
 
 

 
0.003 
0.786 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)   

 
 
 

 
1.07 
2.80 
0.74 

 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
 

 
98.40 
1.56 
0.03 

 

  



 
ATP synthase purification 
Preparation of yeast ATP synthase solubilized by dodecyl-β-D-maltoside (DDM, Anatrace) 
followed the same protocol as described previously1,2. Purified ATP synthase was concentrated to 
~10 or 20 mg/ml (~16.7 or 33.3 μM) and stored at −80 °C until use. 
 
Enzyme-coupled ATPase assay for ATP synthase 
ATPase assays were performed as described previously3,4 in 96-well plates with 160 μl buffer 
(50 mM Tris–HCl pH 7.4, 150 mM NaCl, 10% (v/v) glycerol, 5 mM MgCl2, 0.2 mM NADH, 
2 mM ATP, 1 mM phosphoenol pyruvate, 3.2 units pyruvate kinase, 8 units lactate dehydrogenase, 
0.05% (w/v) dodecyl-β-D-maltoside, dimethylsulfoxide (v/v) 2%, 2 nM ATP synthase). NADH 
concentration was monitored at 24 °C with a Synergy Neo2 Multi-Mode Assay Microplate Reader 
(BioTek) measuring absorbance at 340 nm. Inhibition with cruentaren A was determined by adding 
different concentrations of the inhibitor to the assay mixture. Assays were performed in triplicate 
with two independently purified batches of yeast ATP synthase. 
 
CryoEM grid preparation 
Purified yeast ATP synthase (20 mM Tris-HCl pH 7.4, 10% [v/v] glycerol, 0.05% [w/w] DDM, 
100 mM NaCl, 5 mM MgCl2) at 10 and 20mg/ml was incubated with 25 μM and 100 μM 
cruentaren A for 1 hour at 4 °C, respectively. Glycerol in the sample was removed with Zeba Spin 
Desalting Column (ThermoFisher Scientific) equilibrated with buffer containing the same 
concentrations of cruentaren A immediately before freezing. Cruentaren-bound, glycerol-free ATP 
synthase was then applied to homemade5 holey-gold grids that had been glow discharged in air for 
2 min. Grids were blotted with EM GP2 (Leica) for 1 s with ~95% humidity at 4 °C before being 
plunge frozen in a liquid ethane/propane mixture6.  
 
CryoEM data collection 
CryoEM movies of yeast ATP synthase bound to 25 μM or 100 μM cruentaren were collected with 
a Titan Krios G3 electron microscope operated at 300 kV and equipped with a prototype Falcon 4 
camera (ThermoFisher Scientific). Automatic data collection was performed with EPU 
(ThermoFisher Scientific). Both 25 μM and 100 μM cruentaren datasets were collected at a 
nominal magnification of ×75,000, corresponding to a calibrated pixel size of 1.046 Å. For the 25 
μM cruentaren dataset, 345 movies each containing 29 fractions were collected with a total 
exposure and a camera exposure rate of ~37 e− Å−2 and 5.0 e− pixel−1 s−1, respectively. The 100 
μM cruentaren dataset consists of 5,814 movies each containing 29 fractions. The total exposure 
and the camera exposure rate of the movies are ~42 e− Å−2 and 5.0 e− pixel−1 s−1, respectively.  
 
Image analysis 
Image analysis was performed with cryoSPARC v27 except where noted. For the 25 μM cruentaren 
dataset containing 345 movies, movie frames were aligned with patch motion correction8 and 
contrast transfer function (CTF) parameters were estimated with patch CTF estimation. For the 
100 μM cruentaren dataset that contains 5,814 movies, movie frames were aligned with 
MotionCor2 using a 7 × 7 grid and CTF parameters were estimated with patch CTF estimation. 
Movies with undesirable motion or CTF fit were removed, leaving 4,084 movies for further 
processing. Two templates showing a sideview and an oblique view of ATP synthase were 
generated by two-dimensional (2D) classification of ~500 manually selected particle images with 



a box size of 320 × 320. Template picking selected 50,044 particles for the 25 μM cruentaren 
dataset and 1,352,159 particles for the 100 μM cruentaren dataset. For the 25 μM cruentaren 
dataset, beam-induced motion was re-estimated by local motion correction. Cleaning by 2D 
classification yielded 26,785 and 701,444 particles for the 25 μM and 100 μM cruentaren datasets, 
respectively. Ab initio three-dimensional (3D) classification and heterogeneous refinement further 
cleaned particle images and identified three conformations corresponding to the three rotational 
states of ATP synthase. Non-uniform refinement9 was performed for each of the three classes, 
which was followed by a masked local refinement with particles from all three classes around the 
F1 region of ATP synthase. This local refinement yielded a 4.5 Å resolution map from 22,581 
particle images for the 25 μM cruentaren dataset, and a 3.0 Å resolution structure from 535,329 
particle images for the 100 μM cruentaren dataset after defocus refinement. To further improve 
the map from the 100 μM cruentaren dataset, image parameters from cryoSPARC were converted 
to Relion10 star file format with the pyem package (https://doi.org/10.5281/zenodo.3576630) and 
individual particle motion was re-estimated with Bayesian polishing11. Particle images were then 
imported back to cryoSPARC and another cycle of local refinement, CTF refinement, and second 
local refinement around the F1 region was performed, yielding a final map of 2.9 Å resolution. 
 
Atomic model building 
To model the F1 region of the cruentaren-bound structure, individual subunits of the F1 region of a 
yeast ATP synthase crystal structure (2XOK) were fit rigidly into the ammocidin map with UCSF 
Chimera. The model was then manually adjusted in Coot and ISOLDE before being refined in 
Phenix.  
 
Antiproliferative assay 
The proliferation of three cancer cell lines (MCF7, K562, and A549) after treatment with varying 
concentrations of Crentaren A and its analogues was measured by the CellTiter Glo assay. About 
750- 1000 cells per well were plated in clear bottom 96 well plates, and the cells were allowed to 
attach for 24h. Post plating, the cells were treated with serial dilutions of drugs starting from 4 mM. 
The cells were treated with the CellTiter Glow reagent (Promega), both before the addition of 
drugs and after 72h post-treatment. ATP present that is a direct measure of proliferation was 
quantified by measuring luminescence in a Synergy BioTEK plate reader. Growth inhibition was 
calculated by using the NCI 60 screening assay protocol.  The GI50 values were calculated by 
GraphPad Prism software using solvent DMSO treated cells as control. The GI50 values represent 
the average of the two independent experiments done in triplicate.  
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Figure S1: 1H NMR Compound 2 (800 MHz, CDCl3) 

 
Figure S2: 13C{1H} NMR Compound 2 (101 MHz, CDCl3) 
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Figure S3: 1H NMR Compound 3 (800 MHz, CDCl3) 

 
Figure S4: 13C{1H} NMR Compound 3 (101 MHz, CDCl3) 
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Figure S5: 1H NMR compound 4 (800 MHz, CDCl3) 

 
Figure S6: 13C{1H} NMR compound 4 (101 MHz, CDCl3) 
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Figure S7: 1H NMR compound 5 (800 MHz, CDCl3) 

 
Figure S8: 13C{1H} NMR compound 5 (101 MHz, CDCl3) 
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Figure S9: 1H NMR compound 6 (800 MHz, CDCl3) 

 
Figure S10: 13C{1H} NMR compound 6 (101 MHz, CDCl3) 
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Figure S11: 1H NMR compound 7 (800 MHz, CDCl3) 

 
Figure S12: 13C{1H} NMR compound 7 (101 MHz, CDCl3) 
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Figure S13: 1H NMR compound 8 (800 MHz, CDCl3) 

 
Figure S14: 13C{1H} NMR compound 8 (101 MHz, CDCl3) 
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Figure S15: 1H NMR compound 9 (800 MHz, CDCl3) 

 
Figure S16: 13C{1H} NMR compound 9 (101 MHz, CDCl3) 
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Figure S17: 1H NMR compound 10 (800 MHz, CDCl3) 

 
Figure S18: 13C{1H} NMR compound 10 (101 MHz, CDCl3) 
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Figure S19: 1H NMR compound 11 (800 MHz, CDCl3) 

 
Figure S20: 13C{1H} NMR compound 11 (101 MHz, CDCl3) 

012345678910111213
f1 (ppm)

-1000

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000

14000

15000

16000

2.
87

3.
21

3.
15

3.
19

3.
14

2.
42

2.
78

2.
09

1.
06

2.
22

1.
00

3.
12

1.
01

0.
93

0.
87

1.
04

5.
15

1.
14

1.
05

0.
96

0.
97

1.
00

1.
05

1.
03

1.
03

1.
00

11
.8

2

1.
04

0.
80

0.
80

0.
93

0.
94

0.
94

0.
98

0.
99

1.
04

1.
04

1.
15

1.
16

1.
16

1.
32

1.
32

1.
34

1.
34

1.
34

1.
47

1.
48

1.
48

1.
49

1.
50

1.
51

1.
81

1.
84

1.
85

1.
85

1.
86

1.
87

1.
88

1.
89

1.
94

1.
96

2.
00

2.
02

2.
09

2.
22

2.
23

2.
28

2.
28

2.
29

2.
43

2.
45

2.
46

2.
63

2.
65

3.
43

3.
43

3.
73

3.
74

3.
74

3.
77

3.
77

3.
78

3.
79

3.
79

3.
86

3.
87

4.
89

4.
90

4.
91

4.
96

4.
96

4.
97

4.
97

5.
05

5.
06

5.
06

5.
06

5.
07

5.
36

5.
36

5.
37

5.
38

5.
39

5.
40

5.
41

5.
42

5.
42

5.
44

5.
58

5.
87

6.
27

6.
27

6.
32

6.
33

7.
26

 C
D

Cl
3

11
.6

7

0102030405060708090100110120130140150160170180190
f1 (ppm)

0

50000

100000

150000

200000

250000

300000

10
.6

2
11

.2
0

14
.2

1
14

.8
0

16
.2

9
19

.3
6

21
.1

0
21

.4
7

28
.2

5
30

.5
8

31
.6

9
33

.7
5

35
.8

7
35

.9
4

36
.3

4
36

.5
8

37
.7

1
39

.9
2

44
.7

0

55
.5

0

71
.8

2
75

.7
2

75
.9

2
76

.9
2

77
.0

0 
C

D
C

l3
77

.1
6 

C
D

C
l3

77
.1

6 
C

D
C

l3
77

.3
2 

C
D

C
l3

99
.6

2

10
4.

68

11
3.

32

12
5.

88
12

6.
58

13
1.

30
13

1.
90

14
2.

99

16
3.

42
16

5.
86

17
0.

00
17

1.
26

17
1.

36

17
6.

57



 
Figure S21: 1H NMR compound 12 (800 MHz, CDCl3) 

 
Figure S22: 13C{1H} NMR compound 12 (101 MHz, CDCl3) 
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Figure S23: 1H NMR compound 14 (800 MHz, CDCl3) 

 
Figure S24: 13C{1H} NMR compound 14 (101 MHz, CDCl3) 
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Figure S25: 1H NMR compound 15 (800 MHz, CDCl3) 

 
Figure S26: 13C{1H} NMR compound 15 (101 MHz, CDCl3) 
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Figure S27: 1H NMR compound 16 (800 MHz, CDCl3) 

 
Figure S28: 13C{1H} NMR compound 16 (101 MHz, CDCl3)  
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