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Materials and Methods
Materials

Nonradioactive APS was purchased from Biolog Life Sciences Institute, = 95%
(Bremen, Germany). [*°*S]SO.* (specific activity 1491 Ci/mmol) was obtained from MP
Biochemicals (Irvine, California, United States). Molecular biology grade DTT was from
Invitrogen (Carlsbad, California, United States). E. coli Trx protein was purchased from
EMD Biosciences (San Diego, California, United States). DPCC-treated trypsin was
purchased from Sigma. Depending upon availability, PEI-Cellulose TLC plates (20 cm x
20 cm) were purchased from J.T. Baker (Phillipsburg, New Jersey, United States) or
EMD Biosciences. *S-labeled APS and PAPS were prepared by incubating
[*°S]Na;S04, ATP, ATP sulfurylase (Sigma), inorganic pyrophosphatase (Sigma) and
recombinant APS kinase together as previously described. All other chemicals were

purchased from J. T. Baker and were of the highest purity available (= 95%).

Protein Expression and Purification

The gene encoding the M. tuberculosis APS reductase was amplified from H37Rv M.
tuberculosis genomic DNA and cloned in a protein expression vector as previously
described®>. The gene encoding Mycobaterium smegmatis APS reductase was
amplified from M. Smegmatis genomic DNA and the gene encoding P. aeruginosa APS
reductase was amplified from P. aeruginosa genomic DNA ATCC 47085D (ATCC,
Manassas, Virginia, United States) as previously described'. Briefly, APS reductase
genes were amplified via PCR and cloned into the pET24b vector (Novagen) using the

5 Nde | and 3 Xho | restriction enzyme sites. The expression plasmid encoding



Rhizobium meliltoi APS reductase was generated as previously described®.

Proteins were expressed by transforming a reductase-containing plasmid into
BL21(DE3) cells (Novagen) grown on LB-agarose containing 50 pg/ml kanamycin. An
isolated colony was grown in 5 ml of LB broth containing 50 ug/ml kanamycin. The
culture was grown at 37 °C overnight. This culture was used to inoculate 1 L of LB
broth containing 50 ug/ml kanamycin. The culture was grown with shaking (250 rpm) at
37 °C to an OD of 0.6, and isopropyl-B-D-thiogalactopyranoside (IPTG) was added to a
final concentration of 0.4 mM and the cells harvested after 4 h. Subsequently, 1 L of
cells were collected by centrifugation and resuspended in 30 ml of lysis buffer (20 mM
sodium phosphate, pH 7.4, 0.5 M sodium chloride (NaCl), 10 mM imidazole, 1mM
methionine) together with an EDTA-free protease inhibitor tablet (Roche, Indianapolis,
Indiana, United States). After sonication, DNase and RNase (Sigma) were added to the
lysate at 10 ug/ml and 5 pg/ml, respectively, and stirred for 10 min on ice. The cell
lysate was cleared by centrifugation and the supernatant was applied to a 5-ml HiTrap
Chelating column (Amersham, Piscataway, New Jersey, United States). The column
was washed with ten column volumes in 20 mM phosphate, pH 7.4, 0.5 M NaCl and 50
mM imidazole, and was eluted with 20 mM phosphate, pH 7.4, 0.5 M NaCl and 250 mM
imidazole. Fractions containing the desired protein were pooled and concentrated using
Amicon 10,000-Da molecular weight cut-off centrifugal filters (Millipore, Billerica,
Massachusetts, United States) before injection onto a 16/60 Superdex 200 prep grade
gel filtration column. The standard gel filtration buffer was 50 mM Tris-HCI, pH 8.0, 10%

Glycerol, 5 mM DTT with ionic strength adjusted to 150 mM with NaCl. Fractions



containing APS reductase were pooled, aliquoted into single use portions, snap-frozen
in liquid nitrogen and stored at -80 °C. Protein concentrations were determined
precisely by quantitative amino acid analysis (AAA Service Laboratory, Boring, Oregon,

United States).

Mass Spectrometric Analysis of Dissolved Crystals and Enzyme-Substrate Complexes

Solutions were infused at a rate of 2 pl/min into an Apollo electrospray source (Bruker,
Billerica, MA), operated in the positive mode. The syringe and spray chamber were
wrapped with ice bags to maintain low temperature, in order to prevent the protein from
precipitating. All ions were collected using gated trapping and detected using chirp
excitation. Broad band data were acquired using an average of 16-64 time domain
transients containing 32 K or 1 M data points. The original time domain free induction
decay (FID) spectra were zero filled, Gaussian-multiplied and Fourier transformed. All
data were acquired and processed using Bruker Xmass version 6.0.0 software. The
parameters of the electrospray ionization (ESI) source, ion optics, and cell were tuned

for the best signal-to-noise ratio and were maintained for systematic experiments.

Crystals from 10 drops were harvested and centrifuged, yielding a brown pellet, which
was washed three times in reservoir solution. The pellet dissolved readily in 10 pl of 2
mM B-octyl glucoside in H,O, and the resulting solution was discernibly light green-
brown in color. The solution was incubated overnight with Biobeads to remove
detergent and frozen. Subsequently, this sample was dialyzed against 50 mM

ammonium acetate using Amicon 10,000-Da molecular weight cut-off centrifugal filters



to remove residual salt and detergent, and the protein concentration was determined
(20 pM). This solution was then diluted with 80:20 acetonitrile:water containing 1%
formic acid for mass spectrometry analysis. The derived molecular weights correspond
to the full length polypeptide plus SO3;™ (31359.8 Da; theoretical 31360.1 Da) and the
same minus the three N-terminal amino acids (31018.2 Da; theoretical 31018.6 Da)
(50% of the protein used for crystallization lacked these residues) (Supplementary

Figure 4(a)). The data indicate that the enzyme in the crystals is quantitatively sulfated.

For enzyme-substrate incubation experiments with M. tuberculosis APS reductase
(Supplementary Figures 4(b), (c)), appropriate volumes of enzyme (after buffer
exchange to ammonium acetate) and APS were mixed in ammonium acetate buffer and
the mixtures were chilled on ice for at least 15 min before being introduced into the

mass spectrometer.
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Supplementary Figure Legends

Supplementary Figure 1. Routes of sulfate assimilation. Inorganic sulfate is
adenylated by ATP sulfurylase (a) to form APS. Higher plants and the majority of sulfate
reducing bacteria use APS as their source of sulfite (cy—d—e). In some organisms,
APS kinase (b) phosphorylates APS at the 3’-hydroxyl to form PAPS for use as a sulfate
donor for sulfotransferases or as a source of sulfite. The lower pathway of sulfate
reduction (c,—d—e) is utilized by y-proteobacteria such as E. coli and some fungi.
Depending on the organism, APS or PAPS is reduced to sulfite by APS reductase (c+)
and PAPS reductase (c»), respectively. Sulfite is reduced to sulfide by sulfite reductase

(d) and incorporated into cysteine by O-acetylserine-(thiol) lyase (e). Important



metabolites such as methionine and coenzyme A are, in turn, synthesized from

cysteine.

Supplementary Figure 2. Structure based sequence alignment of 38 APS reductases
from prokaryotes and plants, and 34 PAPS reductases from prokaryotes and
eukaryotes. The Clustal X (v1.81) Multiple Sequence Alignment program* was used
first to define profiles for each group, then to align all APS reductase sequences
(species names in square brackets) and all PAPS reductase sequences separately, and
then to align all 72 sequences as one group. The figure is color coded by residue
property. The bar graph indicates the degree of conservation per position and is

included in Figure 3 under an abbreviated sequence alignment for four species.

Supplementary Figure 3. Electron density for APS in each of four subunits of P.
aeruginosa APS reductase. The unbiased ca-weighted |Fol|-|Fc| map, based on the

final model at 2.70 A resolution, is contoured at 2.5 ¢ and 5.0 ©.

Supplementary Figure 4. (a) ESI FT-ICR mass spectrum of dissolved crystals of P.
aeruginosa APS reductase demonstrating quantitative sulfonation of enzyme in the
crystals. The two molecular weights correspond to the full-length enzyme plus SOg3",
and the same minus the three N-terminal amino acids (~50% of the protein used for
crystallization lacked these N-terminal residues). These molecular weights represent
the apo-enzymes with the noncovalently bound [4Fe-4S] cluster dissociated from the

protein during preparation of the sample for mass analysis (see Methods). (b) ESI FT-



ICR mass spectrum of 10 uM M. tuberculosis APS reductase with 20 pM APS in
ammonium acetate showing that in the presence of excess substrate that the product
AMP can be displaced, and that the sulfonated enzyme (E-SO3") can also bind APS, as
observed in the crystals. Previously, 15 uM enzyme was incubated with 10 uM APS;
under those conditions, only the sulfonated enzyme with AMP bound was observed
(Figure 7(a) of ref. 7). (c) ESI mass spectrum of the same mixture dissolved in 80:20
acetonitrile:water containing 1% formic acid, illustrating the release of the noncovalently
bound nucleotide and the iron-sulfur cluster. The inset shows the deconvoluted mass of

the thiosulfonate intermediate in the apo-form.

Supplementary Figure 5. Partial trypsin proteolysis of M. tuberculosis (a) and P.
aeruginosa (b) APS reductase showing protection of the C-terminal tail and the Arg-loop
upon formation of the thiosulfonate intermediate at equimolar concentration. The time
course of the trypsin digestion is shown in the presence (+APS) and absence (-APS) for
each enzyme. In (a) M. tuberculosis APS reductase (50 uM active site concentration)
was incubated with or without 50 uM APS for 10 min at RT, and trypsin was added at a
final concentration of 10 pg/ml and incubated at 4 °C. In (b) P. aeruginosa APS
reductase (40 uM active site concentration) was incubated with or without 40 uM APS
for 10 min at RT, and trypsin was added at a final concentration of 10 pug/ml and
incubated at 4 °C. All samples were analyzed by SDS-PAGE using a 4-12% gradient
Criterion gel. Trypsin digest fragments were purified by reverse phase HPLC and
analyzed by electrospray mass spectrometry. In the presence of APS, the starred

fragments, HR/G — End* for M. tuberculosis and ER/N — SK/A* for P. aeruginosa,



represent the mass of the peptide fragment plus an additional 80 Da for the covalent
sulfite adduct. Full length M. tuberculosis APS reductase without N-terminal Met, is

28,356.87 Da; full length P. aeruginosa APS reductase is 31,279.6 Da.

Supplementary Figure 6. Electron density for the [4Fe-4S] cluster and its Cys ligands
in Subunit B of P. aeruginosa APS reductase. The ca-weighted 2|Fo|-|Fc| map, based
on the final model at 2.70 A resolution, is contoured at 1.0 ¢ and 5.0 6. The Co-Cp-Sy-
Fe torsion angle for Cys140 is indicated; this angle is cis (+10°) so that the Ca and Fe

atoms are eclipsed and only 3.5 A apart.



Supplementary Table 1
Effect of reductants on APS reductase activity *

Reductant ° E”, mV Activity (pmol/min) °
Thioredoxin -260 40
GSH -230 <0.1
Reduced lipoic acid -290 <0.1
DTT -330 <0.1
Dithionite -527 <0.1

(a) Rate of APS reduction measured with various reductants. Each value reflects the
average of at least two independent experiments, and the standard deviation was less
than 15% of the value of the mean.

(b) 10 uM thioredoxin or 10 mM chemical reductant was used in each assay (see
Methods).

(c) Due to the slow nature of the reactions measured with chemical reductants,
reported rates are considered upper limits.
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[Mycobacterium tuberculosis)
[Pseudomonas_aeruginosal
[Paaudamonas _syringae]

[P fluor ]
[Pseudomonas putidal
[Azotobacter vinelandiil
[Methylococcus_capsulatus]
[Microbulbifer degradans)
[Ceratopteris richardii]
[Polygonatum pubescens]
[Zea mays]
[Lycopersicon_esculentum]
[Catharanthus roseus]
[Brassica junceal
[Arabidopsis_thaliana]
[Lemna_minor]
[Chlamydomonas_reinhardtii]
[Nocardicides sp. JS614 2]
[Desulfitobacterium hafniensel
[Pyrobaculum aerophilum]
[Clostridium thermocellum]
[Bordetella parapertussis)
[Burkholderia mallei]
[Ralstonia_eutrophal
[Ralstonia_solanacearum]
[Dechloromonas aromatica)

[Sinorhizobium meliloti] MTT

[Wolinella succinogenes]
[Bacillus subtilis]
[Corynebacterium glutamicum]
[Corynebacterium efficiens]
[Nocardioides sp. JS614] MFI
[Chloroflexus_aurantiacus]
[Deinccoccus_geothermalis]
[Deinococcus_radiodurans]
[Nitrobacter winogradskyil
[Nitrobacter hamburgensis]
[Cytophaga hutchinsonii]
Salmonella typhimurium
Escherichia coli
Erwinia_carctovora
Yersiniu_pueudocuberculos;s
nas_mobilis

Pho:ozhabdus luminescens
Vibria_parahaemolyticus
Vibrio wvulnificus
Vibrio_fischeri
Vibrio_cholerae
Photobacterium profundum
Candidatus_Blochmannia
Candidatus_Blochmannia florida MNR
Buchnera_ aphidicola
Xanthomonas_oryzae
Xanthomonas campestris
Xylella fastidiosa
Thiccapsa rosecpersicina
Pseudcalteromonas_haloplanktis
Shewanella cneidensis
Shewanella_ frigidimarina
Shewanella denitrificans
Shewanella amazonensis
Colwellia psychrerythraea
Crocosphaera watsonii
Prochlorococcus marinus
Trichodesmium erythraeum

Synechococcus_elongatus MPA

Anabaena variabilis
Schizosaccharomyces pombo
Saccharomyces_cerevisiae
Thermosynechococcus elongatus
Neurospora_ crassa
Aspergillus fumigatus
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[Wcobacterium_tuherculosis]
[Pseudomonas_aeruginosal
[Pseudomonas _syringae)
[Pseudomonas_fluorescens)
[Pseudomonas_putida)
[Azotobacter vinelandii)
[Methylococcus capsulatus]
[Microbulbifer degradans)
[Ceratopteris richardiil
[Polygonatum pubescens]
[Zea mays]

[Lycopersicon esculentum]
[Catharanthus roseus]
[Brassica juncea]
[Arabidopsis_thaliana)
[Lemna minor]
[Chlamydomonas_reinhardtii]
[Nocardioides sp. JS614_ 2]
[Desulfitobacterium hafniense)
[Pyrocbaculum aerophilum]
[Clostridium thermocellum]
[Bordetella parapertussis]
[Burkholderia mallei]
[Ralstonia_eutrophal
[Ralstonia solanacearum)
[Dechloromonas aromatica)
[Sinorhizobium meliloti]
[Wolinella_ succinogenes]
[Bacillus_subtilis]
[Corynebacterium_glutamicum]
[Corynebacterium efficiens]
[Nocardioides_sp._ JS614)
[Chloroflexus aurantiacus]
[Deinococcus geothermalis)
[Deinccoccus_radiodurans]
[Nitrobacter winogradskyi)
[Nitrobacter hamburgensis]

[Cytophaga hutchinsonii] ----

Salmonella typhimurium
Escherichia coli

Erwinia carotovora

Yersinia pseudotuberculosis
Zymomonas mobilis
Photorhabdus luminescens
Vibrio parahaemolyticus
Vibrio vulnificus

Vibrioc fischeri
Vibric_cholerae
Photobacterium profundum
Candidatus Blochmannia
Candidatus Blochmannia florida
“Buchnera aphidicola
Xanthomonas _oryzae
Xanthomonas canpestria
Xylella fastidiosa
Thiocapsa_rosecpersicina
Pseudoalteromonas haloplanktis
Shewanella oneidensis
Shewanella frigidimarina
Shewanella denitrificans
Shewanella amazonensis
Colwellia psychrerythraea -
Crocosphaera watsonii
Prochlorococcus marinus
Trichodesmium erythraeum
Synechococcus elongatus
Anabaena_variabilis
Schizosaccharomyces pombe
Saccharomyces cerevisiae
Thermosynechococcus elongatus
Neurospora crassa
Aspergillus_fumigatus -
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[Mycobacterium tuberculosis]
[Pseudomonas_aeruginosal
[Pseudomonas syringael
] as_fluore
[Pseudomonas putidal
[Azotcbacter vinelandii]
[Hechylococcus_cupnulntus]
[Microbulbifer degradans]
[Ceratopteris richardii]
[Polygonatum pubescens]
[Zea_mays]

[Lycopersicon esculentum]
[Catharanthus_roseus]
[Brassica_junceal
[Arabidopsis thaliana]
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[Chlamydcmonas_reinhardtii)
[Nocardioides sp. JS5614 2]
[Desulfitobacterium hafniense]
[Pyrcbaculum aerophilum]
[Clostridium_thermocellum]
[Bordetella parapertussis]
[Burkholderia mallei]
[Ralstonia eutrophal
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[Sinorhizobium meliloti]
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[Corynebacterium glutamicum]
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Escherichia coli
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175
188
158
173
171
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187
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184
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176
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184
202
198
181
189
201
199
152
172
181
185
189
186
223
216



[Mycobacterium_ tuberculosis]
Pseudomonas_aeruginosal
[Pseudomonas_syringae])
[Pseudomonas_fluorescens)
[Pseudomonas_putida)
[Azotobacter vinelandii)
[(Methylococcus capsulatus)
[Microbulbifer degradans)
[Ceratopteris richardii)
[Polygonatum pubescens]
[Zea_mays]
[Lycopersicon_esculentum]
[Catharanthus roseus]
[Bragsica_junceal
[Arabidopsis_thaliana)
[Lemna minor]
[Chlamydomonas_reinhardtii]
[Nocardicides sp. JS614_ 2]
[Desulfitobacterium hafniense]
[Pyrobaculum aerophilum]
(Clostridium thermocellum]
[(Bordetella_parapertussis]
[Burkholderia mallei)
[Ralstonia eutropha)
[Ralstonia solanacearum]
[Dechloromonas_aromatica)
[Sinorhizobium meliloti]
(Wolinella succinogenes)
[Bacillus subtilis]
[Corynebacterium glutamicum)
[Corynebacterium efficiens)
[Nocardioides sp. JS614]
(Chloroflexus aurantiacus]
(Deinococcus_geothermalis]
[Deinococcus radiodurans]
(Nitrobacter winogradskyi)
[(Nitrobacter hamburgensis]
[Cytophaga hutchinsonii)
Salmonella typhimurium
Escherichia coli
Erwinia carotovora
Yersinia_pseudotuberculosis
Zymomonas mobilis

Ph ‘habdus lumin
Vibrio_parahaemolyticus
Vibrio_vulnificus
Vibrio_fischeri
Vibric_cholerae
Photobacterium profundum
Candidatus_Blochmannia
Candidatus Blochmannia florida
Buchnera aphidicola
Xanthomonas oryzae
Xanthomonas campestris
Xylella fastidiosa
Thiocapsa_ rosecpersicina
Pseudoaltercmonas haloplanktis
Shewanella oneidensis
Shewanella frigidimarina
Shewanella denitrificans
Shewanella amazonensis
Colwellia psychrerythraea
Crocosphaera watsonii
Prochlorococcus _marinus
Trichodesmium erythraeum

Synechococcus_elongatus

Anabaena_variabilis
Schizosaccharomyces pombe
Saccharomyces_cerevisiae
Thermosynechococcus_elongatus
Neurospora_crassa
Aspergillus fumigatus
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Supplementary Fig.3



APS reductase-S0,”

APS reductase (-N3)-SO.- 31358.8

31018.2

26000 28000 30000 . 32000 34000 36000 38000 m/z

/
| [

MM& b‘b %WLVWVLJVW“M\JWLM”WVW“LW'M%w\nw.«w«w memﬂm.%« p——

900 " 1100 " 1300 " 1500 " 1700 " 1800 2100 miz

Supplementary Fig. 4a
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Supplementary Fig. 6



b [E-SO," *APS]"**
29222.986

[E-SO,-AMP] " /
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Supplementary Figs. 4 b and ¢



<4— HR/G—End" (22593.5 Da)

—— HR/G—PR/S (20066.9 Da)
Start—TR/A (18424.8 Da)

+— HRIG—TRI/A (12982.9 Da)

" | +— TR/A—PRIS (7101.9 Da)

<4— Start—HR/G (5459.9 Da)
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~4—— ER/N—SK/A* (28895.0 Da)

~—— ER/N—TR/S (17887.3 Da)

-4—— TR/IS—SKI/A (10946.4 Da)

Supplementary Fig.5

~4— TR/IS—KI/E (9723.0 Da)



