Supplementary Information

Structural basis for allosteric regulation of mycobacterial guanosine 5´-monophosphate reductase by ATP and GTP

Michal Doležal1, Zdeněk Knejzlík1, Tomáš Kouba1, Anatolij Filimoněnko1, Hana Šváchová1, Martin Klíma1 & Iva Pichová1*

1Institute of Organic Chemistry and Biochemistry of the Czech Academy of Sciences, Flemingovo náměstí 2, 166 10 Prague, Czech Republic   

*Correspondence and requests for materials should be addressed to Iva Pichová, iva.pichova@uochb.cas.cz.



Supplementary Figures
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[bookmark: _Toc199955051]Supplementary Fig. 1 | Structure of MsmGMPR.
a The MsmGMPR monomer consists of a catalytic domain (green) and a CBS domain (magenta). b, c Structure of the MsmGMPR octamer (PDB ID: 9HG0). MsmGMPR forms tetramers with C4 symmetry, which further assemble into octamers with D4 symmetry. b Catalytic domains are shown in green and blue; CBS domains are shown in magenta and white. c The first tetramer is shown in cyan and yellow, and the second (opposite) tetramer is shown in grey and white. Chain identifiers are shown in squares. The four-fold axis and two-fold axes are shown as red lines and marked with a square or an ellipse, respectively.
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[bookmark: _Toc199955052]Supplementary Fig. 2 | Structures of MsmGMPR determined by X-ray crystallography.
The first line of text (left of the bar) shows ligands bound in the active site; the right side of the bar shows ligands bound in ligand-binding site A or G. The second line of text describes the conformation of the octamer. The third line of text provides the PDB ID of the structure and, where applicable, identifies which octamer was used when the asymmetric unit contains two octamers. Catalytic domains are shown in green and blue; CBS domains are shown in magenta and white. Ligands are represented as yellow spheres. Structures were aligned over the catalytic domains of the first tetramer (green).
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[bookmark: _Toc199955053]Supplementary Fig. 3 | Structures of MsmGMPR determined by cryo-EM.
The first line of text (left of the bar) shows ligands bound in the active site; the right side of the bar shows ligands bound in ligand-binding site A or G. The second line of text shows the pH at which the structure was determined and the conformation of the octamer. The third line of text provides the PDB ID of the structure. Catalytic domains are shown in green and blue; CBS domains are shown in magenta and white. Ligands are represented as yellow spheres. Structures were aligned over the catalytic domains of the first tetramer (green).
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[bookmark: _Toc199955054]Supplementary Fig. 4 | Conservation of canonical nucleotide-binding sites in MsmGMPR.
A partial multiple sequence alignment of selected bacterial IMPDHs and MsmGMPR. UniProt accession numbers for each sequence are provided in parentheses. Residues whose side chains typically form hydrogen bonds with nucleotides bound in canonical binding sites 1 and 2 are indicated with arrows. Only 3 (black arrows) of the 10 residues are conserved in MsmGMPR. 
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[bookmark: _Toc199955055]Supplementary Fig. 5 | Positions of ATP and GTP bound in MsmGMPR.
a Structure of MsmGMPR with ATP bound in nucleotide-binding site A (PDB ID: 9HG2). b Structure of MsmGMPR with GTP bound in nucleotide-binding site G (PDB ID: 9HG3). c Structure of Ashbya gossypii IMPDH with ATP and GDP in the canonical nucleotide-binding sites and GDP in a non-canonical site1,2 (PDB ID: 5TC3). All structures also contain GMP bound in the active site. GMP in the active site is shown in cyan; other nucleotides are shown in yellow. Catalytic domains are shown in green and blue; CBS domains are shown in magenta and white. First row: Top view of structures superimposed over the catalytic domains of the upper tetramer; only ligands from the upper tetramer are shown. Second row: Only the ligands from the two chains proximal to the viewer are shown. Third and fourth rows: All ligands are shown. In the fourth row, only the two proximal chains and their ligands are coloured. Side views have been rotated to centre the two proximal chains towards the viewer.
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[bookmark: _Ref190417558][bookmark: _Toc199955056]Supplementary Fig. 6 | Electron density maps for ATP and GTP.
Electron density maps for a ATP (PDB ID: 9HG2, chain A) and b GTP (PDB ID: 9HG3, chain A) bound in their respective binding sites. The mFo–DFc maps are contoured at 5.0 σ within a 2.0-Å radius around each ligand atom. Ligands were omitted during map calculations. Both alternative ligand conformations are shown.
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[bookmark: _Ref192523387][bookmark: _Toc199955057]Supplementary Fig. 7 | Electron density maps for NADP+, E-XMP*, and IMP.
a Electron density map for NADP+ and the E-XMP* intermediate bound in the active site (PDB ID: 9HG0, chain A). Red arrows indicate the covalent linkage of the E-XMP* intermediate to Cys303. For clarity, the ligands are also shown separately in the leftmost panel. b Electron density map for IMP bound in the ligand-binding site G (PDB ID: 9HG0, chain A). The mFo–DFc maps are contoured at 5.0 σ within a 2.0-Å radius around each ligand atom. Ligands were omitted during map calculations.



[image: ]
[bookmark: _Toc199955058]Supplementary Fig. 8 | Comparison of NADP+ and NADPH conformations in MsmGMPR and human GMPR2.
[bookmark: _Hlk192001364]a NADP+ and the E-XMP* intermediate bound in MsmGMPR (PDB ID: 9HG0, chain A). The distance between NADP+ atoms C6A and C2N is 9.2 ± 0.1 Å, and the distance between NADP+ atom C4N and E-XMP* atom C2 is 3.4 ± 0.0 Å. b NADPH in the “in” position and IMP bound in human GMPR23 (PDB ID: 2C6Q, chain B). The distance between NADPH atoms C6A and C2N is 8.8 ± 0.1 Å, and the distance between NADPH atom C4N and IMP atom C2 is 2.9 ± 0.0 Å. c Ligands were aligned using the LS-align tool4. Distances are calculated as averages across all suitable chains in the structures.
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[bookmark: _Toc199955059]Supplementary Fig. 9 | Comparison of flap conformations in MsmGMPR and human GMPR2.
a MsmGMPR with NADP+ and the E-XMP* intermediate in the active site (PDB ID: 9HG0, chain A). b Human GMPR2 with NADPH in the “in” position and IMP in the active site3 (PDB ID: 2C6Q, chain B). The main monomer is shown in green, the adjacent monomer in blue, and the CBS domains in white. Flap regions are shown in magenta (MsmGMPR – residues 381–420, human GMPR2 – residues 261–296). The flap in MsmGMPR contains an additional helix, stabilized by the interaction with the CBS domain from the adjacent monomer (red arrow). c Structural overlay. MsmGMPR is shown in yellow, and human GMPR2 in cyan. The structures were aligned over chains A and D from MsmGMPR. 
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[bookmark: _Toc199955060]Supplementary Fig. 10 | Particle classification and map refinement scheme for an MsmGMPR apoform sample at pH 7.8.
a Micrograph of MsmGMPR particles in free-standing ice after MotionCor25 correction, collected at a defocus of ~2.5 µm. b Representative 2D-classification averages. c Global 3D-classification and refinement scheme. Final cryo-EM maps were refined and post-processed using appropriate masks in RELION 4.06 and filtered with LocScale7.
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[bookmark: _Toc199955061]Supplementary Fig. 11 | Final cryo-EM maps and Fourier shell correlation curves.
a MsmGMPR apoform at pH 6.6. b MsmGMPR apoform at pH 7.8. c MsmGMPR in complex with GMP at pH 6.6. d MsmGMPR in complex with GMP at pH 7.8. e MsmGMPR in complex with GMP and ATP at pH 6.6. f MsmGMPR in complex with GMP and GTP at pH 6.6. The Fourier shell correlation (FSC) curves represent the correlation between two independently refined half-maps, indicating the overall resolution of both half-maps. The horizontal dashed line marks the FSC threshold of 0.143. The vertical dashed line indicates the Nyquist frequency of extracted particles at 2.8 Å. The numbering of the curves and maps corresponds to Supplementary Table 5. The legend also specifies the bound ligands present in the model, the sample pH, the conformation of the fitted model, the map resolution, and the EMDB ID of each deposited map.



[bookmark: _Ref183289611][bookmark: _Toc199955062][bookmark: _GoBack]Supplementary Tables
Supplementary Table 1 | Analyzed structures of MsmGMPR
[image: ]
a) Difference in rotation around the protein’s four-fold axis, see Fig. 3.
b) Difference in the distance between the two tetramers, see Fig. 3.
c) Knejzlík et al. 20228.
d) This structure has two octamers in the asymmetric unit. In Fig. 3, octamer 2 is marked with an apostrophe.



[bookmark: _Toc199955063]Supplementary Table 2 | Crystallization conditions
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[bookmark: _Toc199955064]Supplementary Table 3 | X-ray crystallography data collection, refinement, and validation statistics
[image: ]



[bookmark: _Toc199955065]Supplementary Table 4 | Analyzed cryo-EM samples
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[bookmark: _Ref183099580][bookmark: _Toc199955066]Supplementary Table 5 | Cryo-EM data collection, refinement, and validation statistics.
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PDB ID

experimental

method

ligand in

active site

ligand in

site 1

ligand in

site 2

octamer

conformation Δω (°)

a

Δh (Å)

b

Primary

citation

1 7OY9 X-ray × × × extended 6.8 8.6 Knejzlík et al.

c

compressed, octamer 1 2.2 -2.9

compressed, octamer 2 0.1 -1.5

3 9HFZ X-ray IMP × IMP extended 8.9 8.5 this work

4 9HG0 X-ray NADP

+

 + E-XMP* × IMP extended 8.3 8.8 this work

compressed, octamer 1 0.1 -0.2

compressed, octamer 2 0.1 -0.2

compressed, octamer 1 -0.3 -0.3

compressed, octamer 2 -0.3 -0.3

7 9HG3 X-ray GMP × GTP extended 9.6 8.3 this work

8 8RY6 cryo-EM × × × extended I 0.6 4.6 this work

9 8RY7 cryo-EM × × × extended II 4.8 7.8 this work

10 8RY8 cryo-EM × × × extended I 8.5 11.8 this work

11 8RY9 cryo-EM × × × extended II 3.1 7.0 this work

12 8RYA cryo-EM × × × tetramer NA NA this work

13 8RY0 cryo-EM GMP × GMP extended 6.3 7.2 this work

14 8RY1 cryo-EM GMP × GMP compressed -8.2 1.3 this work

15 8RYB cryo-EM GMP × GMP extended 6.7 9.1 this work

16 8RY5 cryo-EM GMP ATP × compressed 0.0 0.0 this work

17 8RY3 cryo-EM GMP × GTP extended I 5.5 6.1 this work

18 8RY4 cryo-EM GMP × GTP extended II 1.4 3.5 this work

9HG2

d

X-ray IMP ATP ×

Knejzlík et al.

c

this work

this work

5

9HG1

d

X-ray GMP ATP ×

6

2

7R50

d

X-ray GMP × ×
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PDB ID added ligands reservoir solution pH

protein

concentration method

1 9HFZ 2 mM IMP

0.03 M Magnesium chloride

0.03 M Calcium chloride

20% (v/v) Ethylene glycol

10.0% (v/v) PEG 8000

0.1 M Tris/BICINE, pH 8.5

8.5 10.0 mg/ml sitting drop

2 9HG0 5 mM GMP, 5 mM NADPH

0.03 M Magnesium chloride

0.03 M Calcium chloride

20% (v/v) Ethylene glycol

8.5% (v/v) PEG 8000

0.1 M Tris/BICINE, pH 8.3

8.3 7.0 mg/ml hanging drop

3 9HG1 5 mM GMP, 5 mM ATP

0.2 M Sodium chloride

23% (v/v) PEG 3000

0.1 M HEPES, pH 7.5

7.5 22.0 mg/ml sitting drop

4 9HG2 2 mM IMP, 5 mM ATP

0.03 M Magnesium chloride

0.03 M Calcium chloride

20% (v/v) Ethylene glycol

10.0% (v/v) PEG 8000

0.1 M Tris/BICINE, pH 8.9

8.9 17.0 mg/ml sitting drop

5 9HG3 5 mM GMP, 2 mM GTP

0.03 M Magnesium chloride

0.03 M Calcium chloride

20% (v/v) Ethylene glycol

8.5% (v/v) PEG 8000

0.1 M Tris/BICINE, pH 8.7

8.7 17.0 mg/ml hanging drop
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MsmGMPR

IMP

extended

MsmGMPR

E-XMP*, NADP

+

, IMP

extended

MsmGMPR

GMP, ATP

compressed

MsmGMPR

IMP, ATP

compressed

MsmGMPR

GMP, GTP

extended

PDB ID 9HFZ 9HG0 9HG1 9HG2 9HG3

Data collection and processing

Space group P2

1

C2 P1 P1

P2

1

Cell dimensions - a, b, c (Å) 112.9, 145.9, 146.2 204.8, 204.9, 116.2 112.6, 113.6, 178.1 113.9, 115.7, 178.9 113.1, 145.9, 146.3

Cell dimensions - α, β, γ (º) 90.0, 95.6, 90.0 90.0, 102.3, 90.0 82.7, 77.2, 66.7 77.7, 83.3, 65.6 90.0, 95.9, 90.0

Wavelength (Å) 0.9184 0.9762 1.7712 0.9184 0.9184

Resolution range (Å) 48.11–2.80 (2.83–2.80) 42.55–2.10 (2.12–2.10) 49.33–2.30 (2.32–2.30) 45.50–1.60 (1.62–1.60) 112.50–2.30 (2.33–2.30)

Total reflections 435003 (13501) 1888232 (64617) 2198523 (31089) 7430816 (255759) 1436516 (47592)

Unique reflections 222592 (7232) 533989 (17667) 670661 (14135) 2120483 (70500) 410206 (13569)

Multiplicity 2.0 (1.9) 3.5 (3.7) 3.3 (2.2) 3.5 (3.6) 3.5 (3.5)

Completeness (%) 97.9 (93.0) 99.3 (99.1) 96.3 (63.4) 98.6 (93.1) 98.4 (87.3)

R-merge 0.194 (1.922) 0.169 (2.210) 0.083 (0.816) 0.121 (4.625) 0.159 (4.465)

R-meas 0.262 (2.605) 0.200 (2.596) 0.099 (1.066) 0.143 (5.421) 0.188 (5.277)

Average 

I/σ(I)

2.83 (0.38) 3.70 (0.61) 8.17 (0.98) 6.03 (0.28) 5.03 (0.22)

Wilson B-factor (Å

2

) 69.78 45.85 44.88 25.40 57.68

CC1/2 0.979 (0.143) 0.979 (0.171) 0.997 (0.428) 0.997 (0.059) 0.996 (0.087)

CC* 0.995 (0.500) 0.995 (0.541) 0.999 (0.774) 0.999 (0.333) 0.999 (0.400)

Refinement

Resolution range (Å) 48.11–2.80 (2.83–2.80) 42.55–2.10 (2.12–2.10) 49.33–2.30 (2.32–2.30) 45.50–1.60 (1.62–1.60) 112.50–2.30 (2.33–2.30)

Reflections used in refinement 113575 (3597) 269401 (8872) 339609 (7419) 1058501 (33323) 205841 (6017)

   Reflections used for R-free 5684 (179) 13469 (444) 16984 (371) 52906 (1668) 10300 (298)

R-work 0.3240 (0.4046) 0.2186 (0.3292) 0.1996 (0.2955) 0.2024 (0.3688) 0.2494 (0.4173)

R-free 0.3519 (0.4411) 0.2486 (0.3406) 0.2298 (0.2996) 0.2249 (0.3755) 0.2738 (0.4119)

Model composition

Non-hydrogen atoms 27018 28877 57130 57872 27456

Protein atoms 26650 27384 54820 53539 26752

Ligand atoms 368 752 1376 1360 704

Water atoms 0 741 934 2973 0

Protein residues 3680 3784 7568 7370 3680

Chains 8 9 17 17 8

Ligands IMP:16 IMP:16 NAP:8 5GP:16 ATP:16 IMP:16 ATP:16 5GP:8 GTP:8

B factors (Å

2

)  min/max/mean 

Protein 32.19/123.75/70.68 24.67/102.79/50.63 29.00/107.84/49.23 14.49/87.92/32.53 23.88/136.61/66.48

Ligand 45.07/99.56/65.58 32.36/82.37/52.20 32.23/63.11/47.71 17.09/51.79/31.74 30.55/92.59/64.05

Water --- 29.39/65.99/47.59 31.31/60.45/42.04 13.68/53.56/32.72 ---

R.m.s. deviations

Bond lengths (Å) 0.003 0.004 0.004 0.005 0.003

Bond angles (°) 0.62 0.70 0.65 0.77 0.84

Validation

MolProbity score 1.44 1.05 1.13 0.90 1.36

All-atom clashscore 7.86 2.26 3.26 1.53 3.52

Rotamer outliers (%) 0.73 0.75 0.57 0.24 0.47

Ramachandran plot

Favored (%) 97.97 97.82 97.94 98.00 96.66

Allowed (%) 2.03 2.18 2.06 2.00 3.34

Outliers (%) 0.00 0.00 0.00 0.00 0.00
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added ligands pH PDB ID

1 × 6.6 8RY6, 8RY7

2 × 7.8 8RY8, 8RY9, 8RYA

3 2 mM GMP 6.6 8RY0, 8RY1

4 2 mM GMP 7.8 8RYB

5 2 mM ATP, 2 mM GMP 6.6 8RY5

6 2 mM GTP, 2 mM GMP 6.6 8RY3, 8RY4
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MsmGMPR

GMP
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extended

MsmGMPR

GMP
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compressed

MsmGMPR

GMP

pH 7.8

extended

MsmGMPR

GMP, ATP

pH 6.6

compressed

MsmGMPR

GMP, GTP

pH 6.6

extended I

MsmGMPR

GMP, GTP

pH 6.6

extended II

PDB ID 8RY6 8RY7 8RY8 8RY9 8RYA 8RY0 8RY1 8RYB 8RY5 8RY3 8RY4

EMDB ID 19588 19589 19590 19591 19592 19583 19584 19593 19587 19585 19586

Data collection and processing

Microscope Titan Krios Titan Krios Titan Krios Titan Krios Titan Krios Talos Arctica Talos Arctica Titan Krios Titan Krios Talos Arctica Talos Arctica

Voltage (kV) 300 300 300 300 300 200 200 300 300 200 200

Camera K3 K3 K3 K3 K3 K2 Summit  K2 Summit  K3 K3 K2 Summit  K2 Summit 

Magnification 105000× 105000× 105000× 105000× 105000× 165000× 165000× 105000× 105000× 165000× 165000×

Nominal defocus range (−μm) 1.0–3.3 1.0–3.3 1.0–3.3 1.0–3.3 1.0–3.3 0.5–3.0  0.5–3.0  1.0–3.3 1.0–3.3 0.7–3.0  0.7–3.0 

Exposure time (s) 2 2 2 2 2 5 5 2 2 5 5

Electron exposure (e

–

/Å

2

) 40 40 40 40 40 40 40 40 40 40 40

Number of frames collected 40 40 40 40 40 40 40 40 40 40 40

Number of frames processed  20 20 20 20 20 40 40 20 20 26 26

Pixel size (Å) 0.8336 0.8336 0.8336 0.8336 0.8336 0.7717 0.7717 0.8336 0.8336 0.7717 0.7717

Micrographs  5712 5712 8001 8001 8001 3309 3309 5176 1904 4631 4631

Total particle images  1768014 1768014 2411624 2411624 2411624 279996 279996 538390 418570 646709 646709

Refinement

Particles per class  107713 18832 191909 59905 258783 75197 12596 170236 107511 72987 9480

Map resolution (Å), 0.143 FSC 3.22 3.70 2.96 3.20 2.82 3.66 3.85 2.84 2.48 2.52 3.72

Map sharpening B factor (Å

2

) −108.708 NA −32.6988 NA −49.1294 −164.748 NA −43.9288 −60.1802 −135.245 −98.09

Map versus model cross-correlation 0.85 0.82 0.88 0.77 0.90 0.77 0.80 0.90 0.91 0.84 0.74

Model composition

Non-hydrogen atoms 27312 27312 27312 27312 13724 27616 27616 27736 28534 28480 28336

Protein atoms 27312 27312 27312 27312 13724 27232 27232 27352 27632 27776 27632

Ligand atoms 0 0 0 0 0 384 384 384 688 704 704

Water 0 0 0 0 0 0 0 0 214 0 0

Protein residues 3752 3752 3752 3752 1880 3736 3736 3752 3792 3792 3792

Chains 8 8 8 8 4 8 8 8 9 8 8

Ligands 0 0 0 0 0 5GP:16 5GP:16 5GP:16 5GP:8 ATP:8 5GP:8 GTP:8 5GP:8 GTP:8

B factors (Å

2

)  min/max/mean 

Protein 8.08/151.28/66.11 83.20/255.65/144.20 29.52/204.83/92.25 63.63/282.69/144.25 18.04/177.92/78.01 25.45/74.63/45.25 139.81/239.77/176.37 32.04/134.41/68.99 14.17/117.14/38.90 25.67/123.56/59.01 13.14/99.16/44.38

Ligand --- --- --- --- --- 35.65/55.04/45.35 182.61/186.93/184.77 48.92/91.96/70.05 21.31/47.32/33.80 37.64/63.76/54.20 31.04/51.54/45.95

Water --- --- --- --- --- --- --- --- 10.00/30.00/10.56 --- ---

R.m.s. deviations

Bond lengths (Å) 0.003 0.004 0.002 0.002 0.003 0.002 0.003 0.002 0.001 0.002 0.003

Bond angles (°) 0.504 0.648 0.447 0.525 0.502 0.532 0.666 0.396 0.413 0.465 0.572

Validation

MolProbity score 1.21 1.45 1.40 1.45 1.11 1.64 1.74 1.06 0.99 1.36 1.77

All-atom clashscore 4.32 8.2 5.93 7.69 3.20 13.61 17.27 2.71 1.55 6.51 11.74

Rotamer outliers (%) 0.53 0.82 0.28 0.57 0.85 0.00 0.39 0.28 0.00 0.00 1.13

Ramachandran plot

Favored (%) 98.02 98.29 97.64 97.86 98.08 98.06 98.92 98.71 97.55 98.30 97.23

Allowed (%) 1.98 1.71 2.36 2.14 1.92 1.94 1.08 1.29 2.45 1.70 2.77

Outliers (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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