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Figure S1. Multiple sequence alignment of BUGUS-1, BuGUS-2, and BuGUS-3. Regions of interest
discussed in the text are bolded and highlighted in various colors. Unique active site residues highlighted
in yellow, N-terminal loop and catalytic glutamates in red, NxK motif in green, Loop 2 (L2) in magenta,

mini-loop 2 (mL2) in blue.
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Figure S2. pH screen of PNPG hydrolysis for BuGUS-1, BuGUS-2, and BuGUS-3. Error bars represent
SD of n = 3 biological replicates.
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Figure S3. Structural alignments of BuGUS-1 (cyan), BuGUS-2 (magenta), and BuGUS-3 (blue) with
previously elucidated structure of E. coli GUS (green, EcGUS, PDB: 3LPF).



-LS

4.0x10%

BuGUS-1
tetramer

3.0x10%

aeas sy

20x10%4

Maolar Mass {g/mal)

T T T T
220 240 0 268.0
time {min}

Figure S4. Size-exclusion chromatography multi-angle light scattering analysis (SEC-MALS) of
BuGUS-1, BUGUS-2, and BuGUS-3 confirms oligomeric states predicted from crystal structures.
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BuGUS-2 BuGUS-3

Figure S5. Comparison of CBMs of BUGUS-2, BuGUS-3, and BfGUS. Conserved core fold of GUS
shown in grey with DUF-1 and CBM 57 or DUF2 (for BuGUS-2 and BuGUS-3) highlighted in cyan and
magenta, respectively.
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Figure S6. Circular dichroism wavelength scan and melting temperature for WT and D341A D367A
calcium binding mutant of BuGUS-2.
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Figure S7. Sequence alignment of putative calcium binding GUS enzymes from the Human
Microbiome Project stool sample database. Related to Figure 5.
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Figure S8. Modeling of sugar monosaccharides of glucuronate (GIcA), galacturonate (GalA),
mannuronate (ManA), and iduronate (IdoA) in the active sites of BuGUS-1, BuGUS-2, and BuGUS-
3. Related to Figure 6.

S-10



BuGUS-1
251 . Bucus2 i
=] =] 1
0 0 5 | ®BuGUS3 I
o, L0 o, L0 T 7 °
. . ® 0 . ®_0 F15 1 3
HO* ‘OH N HO OH N _ 2
OH 8 OH 8 I -
1 4 T 1
p-nitrophenyl-B-D- p-nitrophenyl-p-D- z
glucuronide (pNP-GIcA) galacturonide (pNP-GalA) 05 4 [y
(8 e & s 3 3 3 3 33 ¢ 3
0 2 4 6 8 10 12
Time (min)
c d
Substrate k. .:(s1) K., (uM) k. ./K, (s M-1)
PNP-GlcA 12+1 57+9 2.2x10%
pNP-GalA | 147205 380+10 39104

Figure S9. BuGUS-1, but not BuGUS-2 or BuGUS-3, can process both glucuronides and
galacturonides. Related to Table 1. a, chemical structures of pNP-GIcA and pNP-GalA. b, progress curves
for BuGUS-1, BuGUS-2, and BuGUS-3 with pNP-GalA. c, kinetic parameters of pNP-GIcA and pNP-GalA
hydrolysis by BuGUS-1. d, active site of BuGUS-1 with GalA manually docked and potentially important
aspartic acid residue highlighted in green. This aspartic acid likely undergoes a rotamer shift, shown in
cyan, to accommodate the GalA sugar.
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Figure S10. Structural overlay of BuGUS-1 WT (cyan) and BuGUS-1 Aloop (grey) reveals absence
of N-terminal loop necessary for efficient processing of SN-38-G. Related to Figure 8.
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Figure S11. Structural analysis of BMSP GUS and docking studies of SN-38-G in the active sites of
BuGUS-2 and BuGUS-3. Related to Figure 1, Figure 6. a, tetrameric biological assembly of BMSP GUS.
b, active site of BMSP GUS with NxK motif in green and catalytic glutamates in deep salmon. Manually
docked SN-38-G in active site of ¢, BuGUS-2 and d, BuGUS-3 based on the PTG-bound structure of

BuGUS-1.
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Figure S12. Chemical structures of Inhibitor 1 and UNC10201652. Related to Table 3.
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Observed Tetramer Predicted Tetramer

BuGUS-1 (Observed)
BuGUS-1 (Predicted)
RMSD:

1.23 A over436 Ca

BuGUS-3 (Observed)
BuGUS-3 (Predicted)
RMSD:

1.6 A over544 Ca
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RMSD:
1.3 A over 428 Ca

Figure S13. Predicted structures by Rosetta-based modeling of unique tertiary and quaternary
structures discovered by crystallography. (A) Overlay of observed and Rosetta-predicted tertiary
structure for BuGUS-1, BuGUS-3, and BMSP GUS. (B) Observed quaternary structures for BuGUS-1,
BuGUS-3, and BMSP. (C) Rosetta prediction of quaternary structure for BuGUS-1, BuGUS-3, and BMSP.
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Protein BuGUS-1 BuGUS-3 BMSP BuGUS-1 + G-1,5-L|BUGUS-2 + G-1,5-L] BuGUS-1 + GIcA | BuGUS-1 Aloop | BuGUS-2 ACa> | BuGUS-1 + TPG
Resolution (A) 29.6 — 2.20 29.48 — 2.35 20.43 - 2.65 29.93-1.90 29.48-2.50 29.98-1.80 29.34-2.00 29.55-3.00 29.30-2.40
Resolution in highest shell (A) | 2.25 — 2.20 239 2.35 2.71-265 1.93-1.90 2.56-2.50 1.83-1.80 2.03-2.00 3.12-3.00 2.49-2.40
Space group Cc2 Cc2 144 Cc2 P212124 C2 P1211 P212121 P3221
Unit cell dimensions a,b,c (A); | 125.8,130.2, 94.2; | 209.7, 68.2, 167.4;|213.5, 213.5, 112.6;| 126.1, 130.2, 94 5; | 74.5, 141.9, 180.8; [134.2, 133.9, 163.4;|76.7,199.2, 84.6,|75.0,142.0, 181.2;252.2, 252.2, 107.3
By () 90, 100.3, 90 90, 122.5, 90 90, 90, 90 90, 100.2, 90 90, 90, 90 90,100.3, 90 90,102.8, 90 90, 90, 90 90, 90, 120
Total reflections (F>0) 517245 568681 305377 797212 446802 1761568 995295 525999 3085366
Unique reflections 75592 83443 73245 114979 67106 261960 163378 39506 152030
Multiplicity 6.8 (7.0) 6.8 (6.9) 4.7 (4.2) 6.9 (6.9) 6.7 (6.8) 6.7 (6.9) 6.1 (5.8) 13.3 (14.0) 20.3 (21.0)
gﬁgﬁ?em"ess’%*mghE“ 99.9 (100) 99.9 (99.9) 99.7 (100) 97.7 (96.3) 99.9 (100.0) 100 (100) 98.4 (97.7) 99.8 (100) 99.8 (99.7)
ggm”ﬂmmHDWMMﬂ 18.6 (4.7) 21.0 (4.9) 16.1 (2.6) 16.6 (4.4) 15.9 (4.1) 11.8 (4.3) 12.1 (3.7) 20.9 (3.9) 23.4 (7.0)
Wilson B-factor (A7) 214 31.9 61.8 14.9 36.5 8.3 25.6 67.7 33.1
Rmergs (Nighest shell) 0.078 (0.387) 0.073 (0.445) 0.060 (0.50) 0.081 (0.351) 0.084 (0.438) 0.126 (0.471) | 0.118 (0.496) | 0.120 (0.69) 0.111 (0.511)
Ruork 0.1494 0.1755 0.2069 0.1377 0.1703 0.18 0.176 0.1670 0.1739
Riree 0.1841 0.2224 0.2827 0.1694 0.2277 0.229 0.23 0.2409 0.2467
Number of mol_ecules in 2 2 4 2 2 4 4 2 6
lasymmetric unit
Number of water molectles in 1075 815 10 1549 535 4087 1808 0 1561
symmetric unit
rms bonds (A) 0.003 0.009 0.008 0.012 0.004 0.006 0.007 0.009 0.007
rms angles (°) 0.631 1.24 1.000 1.072 0.669 0.874 0.849 1.030 0.94
Ramachandran favored (%) 96.53 95.34 92.85 96.79 96.23 96.71 96.30 92.91 92.23
Ramachandran outliers (%) 0.00 0.39 0.19 0.00 0.24 0.00 0.09 0.18 0.20
Clash score 3.04 6.87 13 1.96 2.12 7.05 5 8.33 16.84
Average B-factor (A7) 28.3 35.1 67.0 21.2 41,0 14.6 30.0 57.9 37.9
RCSB ID 6D1N 6D1P 6DBK. 6D41 6D50 6D6W 6D89 6D8G 6D7F

Table S1. X-ray data collection and refinement statistics.
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HMGC ID Length | Kingdom Phylum Class Order Family Genus Species NCBI ID

SRS011529.64867 855 Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Paraprevotella
SRS049959.38447 872 Bacteria Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella copri CU096334 .1
SRS018575.34501 885 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides clarus WP_0091220351
SRS050422.73127 891 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides finegoldii 0OKZ23312.1
SRS020869.18805 891 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides intestinalis WP_007661425.1
SRS8011405.14712 861 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides intestinalis CCY84748.1
SRS015217.11766 926 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides ovatus WP_004304963.1
SRS019601.88766 840 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides vulgatus WP_011965330.1
SR&012902.13258 891 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides

SRS016203.125956 891 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides
SR&045713.76924 888 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides
SRS048870.28850 883 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides
SR&015190.42469 871 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides

SRS056259.118375 871 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides
SRS019787.27227 861 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides
SRS017433.24596 858 Bacteria Bacteroidetes Bacteroidia Bacteroidiales Bacteroidaceae Bacteroides
SRS013476.24854 693 Bacteria Firmicutes Clostridia Clostridiales Eubacteriaceae Eubacterium

Table S2. Bioinformatic analysis of the HMP GUS enzymes identified 18 GUS enzymes with calcium
binding sites.
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HMGC ID Length | Kingdom | Phylum Class Order Family Genus species |, NCBL | wcaim
SRS052597.50102 1427 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Bactercidaceae Bacteroides eggerthii GH2 protein |WP_017140857.1
SRS022137.24481 689 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Bactercidaceae Bacteroides MSP GH2 protein |WP_007340523.1
SRS055982.32550 275 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Bactercidaceae Bacteroides salyersias GUS/b-gal CUMB3350.1
SRS024388.29889 796 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Bactercidaceae Bacteroides sartorii GH2 protein |WP_018277418.1
SRS011405.4523 1427 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Bactercidaceae Bacteroides thetaiotaomicron b-gal WP_0810300682.1
SRS014513.5859 1118 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Bactercidaceae Bacteroides thetaictacmicron | GUS/b-gal [WP_03059738%1.1
SRS018133.31535 214 Bacteria Bacteroidetes | Bacteroidia Bacteroidiales Bactercidaceae Bacteroides uniformis GH2 protein |WP_044457710.1

SRS017432.148978 1429 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Bactercidaceae Bacteroides b-gal

SRS011585.80073 226 Bacteria Bacteroidetes | Bacteroidia Bacteroidiales | Porphyromonadaceae | Parabacteroides merdae GH2 protein |WP_005539108.1
SRS014523.34218 542 Bacteria Firmicutes Clostridia Clostridiales Clostridiaceas Faecalibacterium CAGT4 b-gal OLAZ21514.1
SRS0Z3514.87176 647 Bacteria Firmicutes Clostridia Clostridiales

Table S3. Bioinformatic analysis of the HMP identified 11 GUS enzymes containing the variable
active site tryptophan observed in BuGUS-3.
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HMGC ID Length | Kingdom Phylum Class Order Family Genus Species An:&g'ﬁ on|  NCBIID
SRS020865 245001 613 Bacteria Bactercidetes
SRS015190.32%1 603 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Bactercidaceas Bacteroides uniformis GUS/b-gal CUOS3733
SRS0M 730758457 500 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Rikenellaceae Alistipes senagalensis GUs WP_019151945
SRS015264.145530 500 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Barnesiellaceas Coprobacter secundus GUs WP_021929483
SRS049995. 45420 609 Bacteria Bacteroidetes | Bactercidia Bacteroidiales Rikenellaceae Alistipes senagalensis GUs WP_019145680
SRS01TT01.130648 318 Bacteria Bactercidetes

Table S4. Bioinformatics analysis of the HMP identified 6 GUS enzymes containing an N-terminal
loop like that observed in BUGUS-1.
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PrimerName

Sequence

BuGUS-1 Fwd

TACTTCCAATCCAATGCGTTCG CACAGCAGGCACCGCAGATTATGAAL

BuGUS-1 Rev

TTATCCACTTCCAATGCGCTATTTATAGGC TTCAGTCAGTTCTTTATACCATTICTG

BuGUS-3 Fwd

TACTTCCAATCCAATGCGCTGATCC COAC COATCGTAAACAGLGTC

BuGUS-3 Rev

TTATCCACTTCCAATGOGCTACTGGCCGCTCACAGAGATCAGLGE

BMSP Fwd

TACTTCCAATCCAATGCGCAGAACCTGATTACCAATGTITACGGTCGTGACATCD

BMSP Rev

TTATCCACTTCCAATGCGCTATTCACCGAATTTGGTTTTGTAGTACTCACGCAT CAGGTA

EuGUS-1 AN-termloop Fwd

GTTGATCCGTTCGAAAACGGTCGTGGCATGAAAGTTTACCAGGATAAAACCTATAGTGAT

BuGUS-1 AN-termloop Rev

ATCACTATAGGTTTTATCCTGGTAAACTTTCATGCCACGACCGTTTTCGAACGGATCAAL

BuGUS-2 D341A Fwd

GTCCGGCTCTGACGGLTGAAATGCATCGTCG

BuGUS3-Z D341A Rev

COACGATGCATTTCAGCCGTCAGAGCCGGAL

BuGUS-2 D3BTA Fwd

CACTACCCGCAGGCTGACGCTCTGLTG

BuGUS-2 DISTA Rev

CAGCAGAGCGTCAGCCTGLGGGTAGTG

BuGUS-2 N551A/K5S3A Fwd

CTGCGTGATGAAAGCATGCCGCGTATTIGCCAACGCAGGCCTGGTTTAL

BuGUS-Z N581AMKEE3A Rev

COTAAACCAGGCCTGLGTTGG CAATACGCGG CATGCTTITCATCACGCAG

Table S5. Primer sequences used in this study.
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