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SUMMARY

Sulfoquinovose (SQ) is a key component of plant sulfolipids (sulfoquinovosyl diacylglycerols) and a major

environmental reservoir of biological sulfur. Breakdown of SQ is achieved by bacteria through the pathways

of sulfoglycolysis. The sulfoglycolytic sulfofructose transaldolase (sulfo-SFT) pathway is used by gut-resi-

dent firmicutes and soil saprophytes. After isomerization of SQ to sulfofructose (SF), the namesake enzyme

catalyzes the transaldol reaction of SF transferring dihydroxyacetone to 3C/4C acceptors to give sulfolactal-

dehyde and fructose-6-phosphate or sedoheptulose-7-phosphate. We report the 3D cryo-EM structure of SF

transaldolase from Bacillus megaterium in apo and ligand bound forms, revealing a decameric structure

formed from two pentameric rings of the protomer. We demonstrate a covalent ‘‘Schiff base’’ intermediate
formed by reaction of SF with Lys89 within a conserved Asp-Lys-Glu catalytic triad and defined by an Arg-

Trp-Arg sulfonate recognition triad. The structural characterization of the signature enzyme of the sulfo-

SFT pathway provides key insights into molecular recognition of the sulfonate group of sulfosugars.

INTRODUCTION

The sulfosugar sulfoquinovose (6-deoxy-6-sulfoglucose, SQ)

occurs naturally as the anionic head group of sulfolipid (sulfoqui-

novosyl diacylglycerols, SQDGs).1,2 SQDGs are produced by

algae, plants, and cyanobacteria and are structural components

of the thylakoid membranes of photosynthetic organisms.

They intimately associate with the photosynthetic machinery

including photosystem II.3 Because of the ubiquity of SQDG in

photosynthetic tissues, it comprises a huge sulfur reservoir.

One estimate suggested that SQDG may contain up to half of

the organosulfur in the biosphere, with 10 Pg of SQDG produced

and degraded annually on a scale that is commensurate with the

sulfur-containing amino acids cysteine and methionine.4 In

recent years, a range of microbial pathways responsible for

SQDG catabolism, described as ‘‘sulfoglycolysis,’’ have been

discovered in a wide range of bacteria.5,6 In pre-sulfoglycolytic

processing, SQDG undergoes delipidation through lipase-cata-

lyzed hydrolysis of the acyl chains, forming sulfoquinovosyl glyc-

erol (SQGro).6,7 SQGro is hydrolyzed to SQ through action of a

dedicated family of glycoside hydrolases termed sulfoquinovosi-

dases (SQases).8,9 Five catabolic routes for SQ have been

delineated in Gram-positive and -negative bacteria.6 These

include the sulfoglycolytic Embden-Meyerhof-Parnas (sulfo-

EMP) and Entner-Doudoroff (sulfo-ED) pathways, which mirror

classical EMP and ED pathways of upper glycolysis, respec-

tively.10,11 Other pathways have been described that involve

specialized enzymes: the sulfoglycolytic sulfofructose transaldo-

lase (sulfo-SFT; also sulfo-TAL) pathway,12,13 the sulfoglycolytic

SQmonooxygenase (sulfo-SMO) pathway,14 and the sulfoglyco-

lytic sulfofructose transketolase (sulfo-TK) pathway.5,12

The sulfo-SFT pathway is used by intestinal firmicutes such as

Clostridium symbiosum and Eubacterium rectale12 and the

saprophytic soil bacterium Bacillus megaterium DSM1804.13

The sulfo-SFT gene cluster from B. megaterium is representative

and features an SQase that catalyzes hydrolysis of SQ glyco-

sides to give SQ. SQ is acted on by an SQ isomerase to produce

sulfofructose (SF). The eponymous SF transaldolase (SF-TAL)

catalyzes the transfer of dihydroxyacetone (DHA) from SF to

glyceraldehyde-3-phosphate (G3P) or erythrose-4-phosphate

(E4P) to produce fructose-6-phosphate (F6P) or sedoheptu-

lose-7-phosphate (S7P) and sulfolactaldehyde (SLA) (Figure 1).

SLA may be oxidized to sulfolactate (SL; in B. megaterium)

or reduced to dihydroxypropanesulfonate (DHPS; in E. rectale)

and is then exported from the cell, while G3P/E4P are regener-

ated from F6P/S7P by glycolysis or the pentose phosphate

pathway. The excreted C3-organosulfonate SL/DHPS is

biomineralized through cross-feeding by other bacteria such

as sulfite-respiring andH2S-producing desulfovibrionaceae spe-

cies15 and the human-gut-resident Bilophila wadsworthia.16,17
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The detailed biochemistry of DHPS metabolism involving glycyl

radical enzymes in sulfate and sulfite reducing bacteria and fer-

menting bacteria has been established.17 The B. megaterium

sulfo-SFT gene cluster also encodes import/export proteins, a

TetR/AcrR family transcriptional factor, and a domain of un-

known function (DUF4867) (Figure 1).

The function of SF transaldolase is reminiscent of transaldo-

lases (TALs) such as fructose-6-phosphate transaldolase.18

F6P transaldolase operates in the non-oxidative phase of the

pentose phosphate pathway (PPP), where it catalyzes the

reversible transfer of DHA from F6P to E4P to give S7P and

G3P. TALs share strong sequence conservation and display a

wide variety of oligomeric states18 (Figure S1). They use a revers-

ible multi-step Schiff base mechanism that is analogous to class

I aldolases, which feature a conserved active site Asp-Lys-Glu

catalytic triad involved in formation of the Schiff base, orientation

of the substrate, and providing general acid/base catalysis.18,19

In the first step of the TAL mechanism, condensation of the ke-

tohexose substrate with the active site Lys forms a covalent

open-chain Schiff base. In the second step, retroaldol reaction

cleaves the C3-C4 bond, producing a DHA-derived Schiff

base, and releasing G3P. In the third step, aldol reaction of the

DHA Schiff base with a C3/C4 acceptor aldehyde generates

the product ketose bound as a Schiff base. Finally, hydrolysis re-

leases the product ketose.20

Here, we report the structure and mechanism of SF transaldo-

lase from B. megaterium, BmSF-TAL (SqvA). Using a stable-

isotope-labeled substrate, we demonstrate the ability of

BmSF-TAL to catalyze transfer of DHA from SF to G3P or E4P

to generate F6P or S7P, respectively. 3D structures determined

by cryogenic electron microscopy (cryo-EM) and X-ray crystal-

lography reveal a highly symmetrical decameric structure and

provide an intimate view of the active site and define details of

sulfonate/phosphate recognition through a Schiff base complex

formedwith the substrate, SF. This work reveals a general mech-

anism for SF-TALs that reversibly transfer DHA between sulfo-

nate/phosphate intermediates within the sulfo-SFT pathway.

RESULTS

SF transaldolase catalyzes transfer of the DHA moiety

from sulfofructose to G3P and E4P

The gene encoding the B. megaterium BmSF-TAL was synthe-

sized in codon-optimized form, heterologously expressed in

Escherichia coli, and the resultingprotein purified to homogeneity

(Figure S2). To confirm SF-TAL activity, we examined its ability to

catalyze transfer of the DHA moiety from SF to 3C/4C acceptor

aldoses (G3P or E4P). For in vitro reconstitution of transaldolase

activity, BmSF-TAL was incubated with substrates, and the

reaction mixtures as well as controls were analyzed using a

ZIC-HILIC column detected by ESI-MS in the negative mode

and compared with authentic samples. Incubation of BmSF-

TAL with SF and G3P resulted in the appearance of a new peak

in the chromatogram with retention time of 16.01 min and

Figure 1. Sulfoglycolytic transaldolase (sulfo-TAL) pathway in B. megaterium

(A) SQGro, from delipidation of SQDG, enters the pathway and is hydrolyzed to release SQ, catalyzed by sulfoquinovosidase SqvC. SQ is isomerized to SF by SQ

isomerase SqvD. Dihydroxyacetone transfer between SF and G3P is catalyzed by SF transaldolase SqvA (BmSF-TAL), reversibly producing F6P and SLA. SqvA

also catalyzes dihydroxyacetone transfer between SF and E4P to give S7P and SLA (not shown). F6P enters upper glycolysis and is phosphorylated to FBP and

undergoes aldol cleavage to regenerate G3P. SLA is oxidized to SL by NADH-dependent sulfolactaldehyde dehydrogenase SlaB, producing SL.

(B) Sulfo-SFT gene cluster. SQDG, sulfoquinovosyl diacylglycerol; SQGro, a-sulfoquinovosyl glycerol; SQ, sulfoquinovose; SF, 6-deoxy-6-sulfofructose; SLA,

sulfolactaldehyde; SL, sulfolactate; NADH, nicotinamide adenine dinucleotide, reduced form.
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m/z=259.033, corresponding to F6P (Figure 2A). Todemonstrate

the reversibility of the reaction, we incubated stable-isotope-

labeled (13C6)-F6Pwith chemically synthesizedSLA21 in thepres-

ence of BmSF-TAL, which resulted in the formation of a product

with a retention time of 11.44min andm/z= 246.038 correspond-

ing to (1,2,3-13C3)-SF, indicating transfer of the 13C-labeled DHA

moiety derived from carbons 1–3 of F6P to SLA. MS/MS analysis

of the (1,2,3-13C3)-SF formed revealed fragments supporting the

proposed labeling pattern (Figures 2B and S3).

Schleheck and co-workers have demonstrated that the SF-

TAL from Bacillus aryabhattai SOS1 catalyzes transfer of the

DHA moiety from SF to E4P resulting in the formation of the ke-

toheptose S7P. To examine if the B. megaterium enzyme could

also transfer to a four-carbon acceptor, we incubated BmSF-

TAL with SF and E4P, which resulted in formation of SLA and a

newpeakwithm/z = 289.043 corresponding to S7P. Similarly, in-

cubation of BmSF-TAL with S7P and SLA revealed formation of

SF and E4P, demonstrating the ability of BmSF-TAL to catalyze

the reverse reaction. The identity of the sulfonate product SFwas

confirmed by ESI-MS andMS/MS analyses (Figure S4). Satisfied

that the B. megaterium enzyme was a bonafide SF-TAL, we next

sought to determine its 3D structure.

B.megaterium SF transaldolase is a decamer composed

of two cyclic pentamers

Size-exclusion chromatography-multi-angle laser light scat-

tering (SEC-MALLS) analysis of BmSF-TAL revealed that it

exists as a decamer with a molecular weight of �250 kDa in so-

lution, making it a suitable candidate for structural analysis using

cryo-EM methods (Figure S5).

Samples for EM analysis were prepared using gold grids with a

protein concentration of 2.5 mg mL�1 (seeStar Methods). Data

collection utilized a Glacios 200 kV microscope while image pro-

cessing and 3D reconstruction were performed using Relion

v.3.0.22 Early 2D and 3D reconstructions of the ligand-free struc-

ture showed a clear pair of pentameric rings, facing away from

one another and offset by about 36� from one another on the z

axis (Figure S6). This allowed assignment to symmetry group

D5. Combinedwith the high contrast and particle count in themi-

crographs, this allowed for reconstruction of the ligand-free

complex to 2.6 Å.

The BmSF-TAL decamer assembles as a dimer-of-pentam-

ers (Figures 3A and 3B). The BmSF-TAL monomer adopts a

triose phosphate isomerase (ab)8 barrel fold. This is adorned

with an extended C-terminal a-helix, which is observed in all

TALs, and which projects from the main fold in an extended

conformation in a manner consistent with other decameric

TALs23 (Figure 3C). Pentamer formation involves the C-terminal

a-helix on one monomer inserting into the adjacent monomer

within each pentamer to form a ring (Figure 3C). The adjacent

BmSF-TAL monomer contains a complementary hydrophobic

groove along the top of the (ab)8 barrel that accommodates

the C-terminal a-helix (Figure 3D). The C-terminal a-helix is

amphipathic, with the hydrophobic face oriented inward and

the hydrophilic face oriented toward the solvent. This interac-

tion places the C-terminal a-helix near the active site; however,

no residue from it directly interacts with the substrate (vide

infra). The interaction of the C-terminal a-helix with the adjacent

monomer involves hydrophobic interfaces along helix a2 and

sheet b6. Consistent with the 5-fold symmetry, the angle

Figure 2. Mass spectrometric analysis (LC-MS/MS) of transaldolase activity of BmSF-TAL on SF and G3P or (13C6)-F6P and SLA

(A) (Top) reaction using SF and G3P as substrates, giving a product assigned as F6P; (bottom) reaction using (13C6)-F6P and SLA as substrates giving a product

assigned as (1,2,3-13C3)-SF.

(B) MS/MS analysis of (1,2,3-13C3)-SF.
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between the interface in adjacent monomers is 72�, allowing

BmSF-TAL to form a pentameric ring (Figures 3A and 3D).

The decamer is formed from two pentameric rings that asso-

ciate by facing toward one another, with a z axis rotation of

36�. Interactions between to the two pentamers involve mainly

polar amino acid side chains of helix a7 on each monomer.

These face inward and form a network of hydrogen bonds to

an acceptor region between helices a7 and strand b6 and alto-

gether result in a total of 10 a7/a7b6 interactions.

Small conformational variations in protomers within the dec-

americ complex are averaged out in cryo-EM reconstructions,

and unless the changes are large enough to contribute to a

signal above the noise in the particles, these changes cannot

be classified through symmetry expansion approaches. To

gain insight into possible conformational differences that may

exist in each protomer, we solved the ligand-free X-ray crystal

structure of BmSF-TAL in space group P 21, which refined to an

R/Rfree of 0.23/0.28, at 3.2 Å resolution (Table S1). This struc-

ture contains one decamer in the asymmetric unit and contains

a range of monomer-specific differences such as an additional

six C-terminal residues of two protomers. Notably, strand b3,

which harbors catalytic residue Glu61, shows greater confor-

mational variation across individual protomers compared

with the rest of the protein fold (Figure S7A). Further, two argi-

nine residues, Arg30 and Arg172, which line the substrate

pocket, inhabit a range of conformations in the absence of

ligand. This flexibility may account for the sulfonate-phosphate

dual-specificity of the pocket that accommodates SF or F6P

(Figure S7B).

Figure 3. Overall structure and quaternary

organization of B. megaterium SF transal-

dolase

(A) Front and (B) side view of ‘‘dimer-of-pentam-

ers.’’ In both cases the cryo-EM structure of

BmSF-TAL complexed with SF is shown. SF is in

pink, and the BmSF-TAL monomers are shaded to

highlight each separately.

(C) C-terminal a-helix interaction between two

BmSF-TAL monomers (purple, cyan).

(D) Heatmap of C-terminal a-helix/groove interac-

tion. Non-polar surfaces are depicted in yellow.

(E) View of the BmSF-TAL apo crystal structure

showing ordered water molecules and hydrogen

bonding interactions between the two pen-

tameric rings.

The SF transaldolase forms a Schiff

base adduct with sulfofructose

To define an approach to obtain a protein-

ligand complex, we applied a thermal shift

assay. Using nano differential scanning

fluorimetry, we observed a large increase

in melting temperature (DTm of 5.6�C) of

BmSF-TAL in the presence of SF. Armed

with this insight, we incubated BmSF-

TAL with SF (2 mM), and subsequent

grid preparation and optimization resulted

in a cryo-EM structure at resolutions up to

2.1 Å (Figures S8 and S10). SF-bound

maps showed clear and well-resolved side-chain density

and a continuous and traceable series of peptide backbones

for each monomer. Comparison of active site features with

well-characterized F6P transaldolases from E. coli EcTAL-B

(PDB: 4S2C) or from T. acidophilum (TacTAL, PDB: 3S1V)

and sequence alignment revealed a conserved catalytic triad

of Asp6-Lys89-Glu61 within the barrel of each monomer

(Figure 4A).

Reconstruction and model building of BmSF-TAL with open-

chain SF showed a clear extension of density beyond Nε of

Lys89 and included a well-defined six-carbon chain and six-sul-

fonate head group (Figures 4A and 4B). Contiguous density from

Lys89 to the C2 carbon of SF enabled an iminium adduct to be

modeled. When reprocessed without application of symmetry,

SF was present in every binding site. The density allowed

modeling of the entire SF chain in 9 of 10 monomers with weaker

density in the remaining protomer. The average B factors

for BmSF-TAL$SF increased from 56 Å2 in all chains and 30 Å2

for ligands inD5 symmetry to an average 65 Å2 and69 Å2, respec-

tively, inC1symmetry (DBchain=9 Å2,DBligand=39 Å2). Otherwise,

there is little conformational change between ligand-free and SF-

bound forms (RMSD = 0.1 _A; Figure S11).

SF is covalently attached to Lys89 in a polar active site and

forms a range of hydrogen bonding interactions in the substrate

binding pocket. C1 hydroxyl is H-bonded to Ser133 and

Asn111 at distances of 2.7 Å and 3.0 Å, respectively. The C3-

and C5-hydroxyls of SF H-bond with the side-chain carboxylate

of Asp6 at distances of 2.5 Å and 2.5 Å, respectively. The C4 hy-

droxyl interacts with the carboxylate of Glu61, via an ordered
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water at a distance of 3.2 Å (Figures 4A and 4B). The anionic sul-

fonate of SF is recognized by an Arg30-Trp138-Arg172 triad. One

sulfonate oxygen is engaged in an H-bond with the indole amine

of Trp138 (2.8 Å) and Arg172 (3.0 Å), and a second sulfonate ox-

ygen interacts with Arg30 and Asn28 at 2.7Å and 2.9 Å, respec-

tively (Figures 4A and 4B). The bindingmode of the hexose donor

is similar to that seen in complexes of classical TALs like F6P

transaldolase from E. coli EcTAL-B or TacTAL with F6P, with

the exception of the sulfonate binding interactions.

Even though sequence and structural comparison of BmSF-

TAL with other bacterial F6P transaldolases reveals a high de-

gree of sequence and spatial conservation in the residues lining

the active site, there are key differences in the phosphate/sulfo-

nate binding pocket. Examination of BmSF-TAL$SF complex

versus TAL$F6P complexes (structural homologs were identified

using a DALI search) shows that the phosphate moiety of

Figure 4. Structural basis of SF recognition

by BmSF-TAL and proposed reaction mech-

anism

(A) Active site details of SF-bound BmSF-TAL. SF

is in green and yellow. Electron density in both

cases is contoured to 1.0 s (0.29 e/Å3).

(B) Binding site schematic of BmSF-TAL with SF

bound.

(C) Mechanism of SF transaldolase depicting cat-

alytic triad D6-E61-K89 and sulfonate binding ar-

ginines: R30, R172.

the substrate within classical TALs is

recognized by a conserved Arg135-

Ser167-Arg169motif (TacTAL numbering)

(Figure S12). However, this RSR motif is

not conserved in BmSF-TAL: the residue

corresponding to TacTAL Arg135 in

BmSF-TAL is replaced by tryptophan

(Trp138), and directly across the active

site, a serine residue that projects into

the active site of TacTAL is replaced by

Arg30, which in turn recognizes the sulfo-

sugar. Arg172 in BmSF-TAL (correspond-

ing to Arg160 in TacTAL) is conserved and

makes electrostatic interactions with SF,

and these three residues result in a unique

Arg30-Trp138-Arg172 ‘‘RWR’’ sulfonate

binding pocket for SF transaldolases

(Figures S13 and S14). The conserved

Ser167 (TacTAL) seen in classical

TALs is replaced by an Ala residue in

the equivalent position in BmSF-TAL

(Ser170). Zhao and co-workers applied

sequence similarity network analysis to

1,000 close homologs and proposed a

Trp138-Ala170-Arg172 ‘‘WAR’’ sulfo-

nate-binding motif for BmSF-TAL, but

they did not identify the Arg30 residue

we identified by structural methods.13

Because BmSF-TAL also binds F6P (as

product; or substrate for the reverse reac-

tion) the RWR triad within the sulfonate binding pocket must

therefore also bind phosphate. We propose that the phosphate

binds in the same pocket as the sulfonate groups, and that the

side-chain rearrangements of two arginine residues observed

in individual monomers in the ligand-free 3D X-ray structure in

this substrate binding pocket allow binding of F6P as the phos-

phate dianion. Our activity assays show that BmSF-TAL not only

binds six-carbon donors (SF or F6P) but also S7P, which shows

that a seven-carbon skeleton is accommodated within the active

site. Despite multiple attempts, we could not trap complexes

of BmSF-TAL with F6P, S7P, G3P, or SLA. An overlay of

BmSF-TAL complexed with sulfonate substrate SF versus the

complexes of TacTAL with bound F6P and S7P indicates rear-

rangements of the flexible arginine side chains (Figure S15).

These side-chain rearrangements of Arg residues in the sub-

strate binding pocket allow provision of steric and electrostatic
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complementarity to accommodate C6/C7 ketoses as well as the

sulfonate/phosphate dual-specificity observed in BmSF-TAL.

BmSF-TAL uses a Schiff base mechanism

Identification of the active site machinery in the BmSF-TAL$SF

complex and the observation of a covalent Schiff base with the

acyclic SF molecule allows proposal of a reaction mechanism

for the transaldolase reaction. Like other classical transaldo-

lases, BmSF-TAL contains a conserved Asp6-Lys81-Glu61

catalytic triad. Formation of the Schiff base complex with SF

will involve nucleophilic attack by Nε of Lys89 on the ketone of

acyclic SF, assisted by general base Glu61, via a carbinolamine

intermediate. Hydrogen bonding of Asp6 to the C3 and C5 hy-

droxyls helps to ensure the correct orientation of the extended

chain of the donor ketose. Retroaldol of the Schiff base occurs

by Glu61 acting as general base to deprotonate the C4-OH via

a bridging water molecule, triggering the scission of the C3-C4

bond, releasing SLA, and generating a new Schiff base of

Lys89 (as enamine tautomer) with dihydroxyacetone. DHA re-

mains anchored as a Schiff base with Lys89 allowing aldol

condensation and transfer to the incoming acceptor G3P (or

E4P) through the reverse process, followed by the hydrolysis of

the Schiff base and release of the transaldol product (Fig-

ure S4C). Arg30 and Arg172 are involved in sulfonate/phosphate

recognition and provide the ability to bind mono- and dianionic

species. Broadly, this mechanism is conserved with that pro-

posed for F6P transaldolase.24,25

DISCUSSION

BmSF-TAL is a transaldolase that reversibly transfers DHA be-

tween sulfofructose and G3P (or E4P) to give SLA (or S7P).

F6P can enter the PPP or central carbon metabolism (via lower

glycolysis), or be converted to aminosugars supporting cell

wall biogenesis, or to G1P for generation of storage polysaccha-

rides such as bacterial glycogen. Through the action of F6P

transaldolase, S7P can be converted to ribose 5-phosphate

(R5P), where it can be used in the synthesis of nucleotides and

nucleic acids and regenerate F6P. Thus, BmSF-TAL provides a

pathway for direct injection of a C3 fragment from the sulfosugar

SQ into key pathways in hexose/heptose metabolism.

Classical TALs exhibit a variety of multimeric states, including

monomers, dimers, tetramers to decameric assemblies.18

BmSF-TAL has a decameric structure composed of two cyclic

pentamers. This is similar to the decameric assembly observed

for F6P transaldolases from several species including

T. acidophilum (PDB: 3S1V). The BmSF-TAL cyclic pentamers

are formed by interposition of the C-terminal a-helix of one

monomer into a well-defined binding cleft in the next, granting

the overall homodecameric assembly high thermodynamic sta-

bility, as reflected in a melting temperature of 80�C.

The structure of the BmSF-TAL$SF complex shows a Schiff

base adduct formed with the active site Lys89 and highlights

the involvement of Asp6 in ensuring correct orientation of the

extended sugar chain, while Glu61 acts as general acid-base

in the catalytic mechanism. The conservation of this catalytic

triad (Asp6-Glu61-Lys89) with F6P transaldolases supports a

common Schiff base retroaldol/aldol mechanism. This similarity

extends to the observation of an ordered water in the active site,

as seen in TacTAL (PDB: 3S1V).

BmSF-TAL performs a step analogous to F6P transaldolase

within the oxidative branch of the PPP, which can interconvert

S7P and G3P with F6P and E4P through transfer of a dihydroxy-

acetone group. However, F6P transaldolases only bind

phosphorylated substrates/products, whereas BmSF-TAL can

bind phosphate and sulfonate groups. The high specificity of

phosphorylated substrates for F6P transaldolases is due to a

Table 1. Data collection, refinement, and validation statistics for

cryo-EM datasets of BmSF-TAL

BmSF-

TAL

apo

BmSF-

TAL$SF

(D5)

BmSF-

TAL$SF

(C1)

Data collection and processing

Magnification 240,000 310,000 310,000

Voltage (kV) 200 200 200

Electron fluence

(e�/Å2)

50 50 50

Pixel size (Å2) 0.574 0.450 0.450

Symmetry D5 D5 C1

Initial particles 153,063 77,489 77,489

Final particles 59,063 53,450 53,450

Map resolution (Å) 2.7 2.1 2.7

FSC threshold 0.143 0.143 0.143

Map resolution

range (Å)

34–2.4 44–1.9 31–2.5

Refinement

Initial model N/D BmSF-

TAL apo

BmSF-

TAL$SF

(D5)

Map sharpening

B factor (Å2)

�67 �39 �44

Model composition

Non-H atoms 16,770 17,399 16,448

Residues 2,180 2,180 2,160

Ligands 0 10 9

Water 460 500 273

Mean B factors (Å2)

Protein 84.2 60.7 63.6

Ligand N/D 113.1 116.6

Water 82.8 71.1 62.2

RMS deviations

Bond length (Å) 0.011 0.014 0.014

Bond angles (�) 1.634 2.080 2.143

Validation

MolProbity score 2.2 1.9 2.3

Clashscore 2.73 1.6 4.1

Poor rotamers % 0 0 0

Ramachandran plot

Favored % 95.83 96.76 95.82

Allowed % 4.17 3.24 4.13

Outliers % 0 0 0.05

PDB code 8BC2 8BC3 8BC4
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conserved RSR motif, as observed in several complexes with

F6P (e.g., 3S1V, 4S2C, 3TKF) or S7P (3TNO, 3S1U).

SF sulfonate binding interactions occur with the triad Arg30-

Trp138-Arg172, which is conserved among a range of SF-TALs.

The two arginine residues present within this RWRmotif may allow

both monoanionic sulfonate and dianionic phosphate residues

to bind. Within individual monomers of the apo form of BmSF-

TAL, some conformational mobility of these residues was

observed. Thisconformationalmobilitymayallowaccommodation

of the difference in chain lengths imposed by switching between a

sulfonate (-SO3
–) and a phosphate (-OPO3

2–) in hexoketoses SF

and F6P, as well as the additional carbon in the heptoketose

S7P. Overlays of the structures of the F6P and S7P complexes of

F6P transaldolases with the BmSF-TAL$SF structure suggests

that these chain length differences may be accomodated through

a combination of conformational flexibility from Arg30 and

Arg172 and by rotation of the phosphate relative to the sulfonate.

The sulfo-EMP pathway contains an aldolase (YihT in E. coli

and Salmonella enterica), which catalyzes the retroaldol reaction

of SF-1-phosphate to give DHAP and SLA.26 Like BmSF-TAL,

SFP aldolase operates through a class I aldolase mechanism,

involving a Schiff base formed between an active site lysine

with SFP. Upon retroaldol cleavage and release of SLA, this

leads to a DHAP moiety bound as a Schiff base, which hydro-

lyzes to release free DHAP. Kinetic studies reveal that

S. enterica YihT is highly selective for SFP, with no detectible ac-

tivity on FBP. 3D X-ray structures of Schiff base complexes of

S. enterica YihT in complex with SFP and DHAP have been re-

ported (PDB: 7NE2). Key differences between S. enterica SFP

aldolase and BmSF-TAL include the following: the Schiff base

is formed with DHAP in SFP aldolase rather than DHA in

BmSF-TAL, and selectivity for SFP over FBP for YihT, versus ac-

tivity on both SF and F6P in BmSF-TAL. The sulfonate binding

pocket of YihT contains only one Arg group, while that of

BmSF-TAL contains two, suggesting that the selectivity for a

sulfonate substrate in the former, and dual activity on sulfo/phos-

phosugars in the latter may be driven by these residues.

Sulfoglycolytic pathways feature sulfonated intermediates

(arising from catabolism of SQ), and consequently these path-

ways usually contain enzymes with specific sulfonate binding

pockets. By contrast, SF-TAL, the namesake enzyme of the

sulfo-SFT pathway, acts on both sulfonate and phosphate sub-

strates. Our structural studies reveal a conserved ‘‘RWR’’ motif

that we propose imparts dual phosphate/sulfonate binding ca-

pabilities to this central enzyme of the sulfo-SFT pathway and

distinguishes SF-TALs from F6P TALs. Elucidation of the signa-

ture sulfonate-binding motif in the SF-TAL enzymes will enhance

the power of bioinformatic annotation, support the discovery of

new organisms that use this pathway, and help illuminate the

occurrence and distribution of the sulfo-SFT pathway for SQ

catabolism.
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Materials availability

A map for the BmSF-TAL gene in pET28a can be made available upon request.

Data and code availability

d All cryo-EM data have been deposited in the PDB and EM Databank (EMDB) and are publicly available as of the date of pub-

lication. Accession numbers are listed in the key resources table. All X-ray diffraction data have been deposited in the PDB and

are publicly available as of the date of publication. Accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

BL21(DE3) competent E. coli

In this study commercially available BL21(DE3) competent E. coli were used (product code C2527H). Unless otherwise stated these

were grown in LB supplemented with 25 mg/mL kanamycin, at 37�C and shaken at 220rpm.

METHOD DETAILS

Gene expression and protein purification

The gene for BmSF-TAL (WP_013058335.1) was codon optimised for E. coli expression and synthesized by GenScript Biotech

(Netherlands) B.V., and sub-cloned into a standard pET28a vector that encodes an N-terminal hexa-His tag. The resulting plasmid

was transformed into BL21(DE3) competent E. coli (New England Biolabs) using the heat shock method following the supplier’s pro-

tocol, then plated onto LB-agar containing 35 mg mL�1 kanamycin and grown at 37�C overnight. Isolated colonies were picked and

used to form liquid starter cultures in 20mL LB with 35 mg mL�1 kanamycin, then grown at 37�C, 180 rpm overnight. 5 mL of starter

culture was used to inoculate 1 L of expression media (2x YT + 35 mg mL�1 kanamycin). Expression cultures were grown at 37�C,

225 rpm until an OD600 of 0.6–0.8 was achieved. Isopropyl b-D-thiogalactopyranoside (IPTG) was then added to a final concentration

of 1 mM and induction took place over 18 h, at 18�C, shaken at 180 rpm. Cells were harvested by centrifugation at 4,445 rcf, 20 min,

4�C. The supernatant was discarded, and the pellet resuspended in 40 mL binding buffer (50 mM TRIS/HCl. 300 mM NaCl, 30 mM

imidazole, pH 7.4) per 1 L culture. 1 tablet of EDTA-free protease inhibitor (Roche) was also added per 1 L culture. Cells were lysed

either by sonication (5 pulses of 100%amplitude, 60s on, 60s off while on ice) or using a cell disruptor (25 kPSI, 4�C, eluted into an ice-

cooled flask). Cell debris was pelleted by centrifugation at 35,199 rcf, 40 min, 4�C. The pellet was discarded, and the soluble fraction

was loaded to a 5 mL HisTrap Nickel-nitrilotriacetic acid crude Fast flow (Ni-NTA crude FF) column (Amersham) at 2 mL min�1, that

had been pre-equilibrated with binding buffer. A linear gradient with elution buffer (50 mM TRIS/HCl, 300 mM NaCl, 500 mM imid-

azole, pH 7.4) was used to elute the His6-tagged protein into a 2 mL 96-well deep block, and protein purity and size were assessed

by SDS-PAGE. Protein-containing fractions were pooled and buffer-exchanged into binding buffer. The pooled fractions were then

concentrated to a 2 mL final volume and loaded to a HiLoad Superdex 16/600 S200 column (GE Healthcare) for size-exclusion chro-

matography. The columnwas pre-equilibrated into SECbuffer (50mMTRIS/HCl, 300mMNaCl, pH 7.4). Elution took place using SEC

buffer at 1 mL min�1 into a 96-well deep block, and protein purity and size were assessed by SDS-PAGE. BmSF-TAL-containing

fractions were pooled and concentrated to a working concentration of 38 mg mL�1, confirmed by A280 (extinction coefficient =

29,910 M�1 cm�1) then snap-frozen with liquid nitrogen, and stored at �70�C (Figure S2).

SEC-MALLS analysis

Size-Exclusion Chromatography with Multiple Angle Laser Light Scattering (SEC-MALLS) was performed using 120 mL samples of

BmSF-TAL at 2 mg mL�1, in 50 mM TRIS/HCl, 300 mM NaCl, pH 7.4. The experiments were conducted on a Wyatt HELEOS-II

multi-angle light scattering detector with a Wyatt rEX refractive index detector linked to a Shimadzu HPLC system (SPD-20A UV

detector, LC20-AD isocratic pump system, DGU-20A3 degasser and SIL-20A autosampler). Experiments were conducted at

room temperature (20 ± 2�C). Solvent was 0.2 mm filtered before use and a further 0.1 mm filter was present in the flow path. The

column was equilibrated with 2 column volumes 50 mM TRIS/HCl, 300 mM NaCl, pH 7.4 before use and flow was continued at

the working flow rate until baselines for UV, light scattering and refractive index detectors were all stable. Sample injection volume

was 100 mL. LC Solutions (Shimadzu) was used to control the HPLC and Astra V was used for the HELEOS-II and rEX detectors. The

Astra data collection was 1min shorter than the LC solutions run tomaintain synchronisation. TMData were analyzed using the Astra

V software. MWs were estimated using the Zimm fit method with degree 1. A value of 0.158 was used for protein refractive index

increment (dn/dc).

NanoDSF analysis

BmSF-TAL samples were at 1mgmL�1 in 50mMTRIS/HCl, 150mMNaCl, pH 7.5. Ligandswereweighed dry and dissolved in 50mM

TRIS/HCl, 150 mM NaCl, pH 7.4 to a stock concentration of 50 mM. Ligands and cofactors were added 10 min prior to loading to a

final concentration of 2 mM, and three repeats were run of each sample, with each replicate loaded to a standard glass capillary. The
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temperature was increased from 20�C to 95�C at 1�Cmin�1 in a linear gradient andW fluorescence wasmeasured by a NanoTemper

Prometheus NT.48. Data processing and graphing was performed in Origin.

LC-MS detection of substrates and products of transaldolase activity

A 50 mL reaction mixture containing 50 mM TRIS/HCl, pH 7.5, 10 mM C6 or C7 ketose (SF, S7P or F6P), 20 mM acceptor (GAP, SLA,

E4P), 2 mM BmSF-TAL, and without BmSF-TAL were also performed. Completed reaction samples were diluted with organic sol-

vents to a final composition of water:isopropanol:acetonitrile 10:10:80 (v/v), and were analyzed by LC-MS, which consisted of an

Acquity I-Class LC connected to a Synapt G2-Si time-of-flight mass spectrometer(both Waters, Elstree, UK). A SeQuant ZIC-

HILIC PEEK column (5mm, 200Å, 100 3 4.6 mm; Merck, Watford, UK) including a guard column (Phenomenex, Macclesfield, UK)

was used, maintained at 40�C. Sample temperature was 14�C, injection volume: 10 mL.

The mobile phase consisted of A) 20 mM ammonium acetate in 1% acetonitrile, and B) acetonitrile. LC-MS gradient was 90%B at

0 min, which decreased linearly to 40% B over 30 min where it stayed until 40 min; increased to 90% B at 43 min and re-equilibrated

until 56 min. The flow rate was 0.5 mL/min. The MS operated in negative electrospray ionization resolution mode (capillary voltage

2.0 kV; sampling cone voltage 60 V; source offset 80 V; source and desolvation temperatures 150�C and 220�C; cone gas 100 L/h;

desolvation gas 600 L/h; nebuliser 6.5 bar; mass range 50–600 m/z; scan time 0.75 s for MS1 and 0.5 s for MS2 acquisitions). Pre-

cursors in the targetedMS2 scans werem/z 259.0 (F6P); 265.0 (13C 6 -F6P); 243.0 (SF); 246.0 (13C 3 -SF); 289.0 (S7P). A transfer cell

collision energy ramp from 15 to 45 eV was used. Data was analyzed using MassLynx V.4.2 (Waters) for chromatogram visualization

and Skyline 20.2.0 (Adams et al., 2020) for peak integration.

BmSF-TAL crystals were grown at 20�C in 0.2 M NaSO4, 0.1 M bis-TRIS propane, 20% PEG 3350, with a 3:2 protein:mother liquor

ratio and 1 mL drop size. BmSF-TAL was used in 50 mM TRIS/HCl, 300 mMNaCl pH 7.4 at 23 mgmL�1. Crystals were harvested into

liquid nitrogen, using nylon CryoLoops� (Hampton). Cryoprotection took place over 5 s and used 10% glycerol, or 10% ethylene

glycol in mother liquor. All crystals were tested using the in-house Rigaku Micro-Max 007HF X-ray generator with an RAXIS IV++ im-

aging plate detector. Data was collected at 120 K using a 700 Series Cryostream (Oxford Cryosystems). Diffraction pattern quality

assessment and resolution estimate performed using ADXV. X-ray data collection took place at Diamond Light Source on beamline

I-03. Data collection statistics are available in the results section. Data indexing and initial processing was performed using either

DIALS or 3dii pipelines from the Xia2 package.27,35 Data reduction was performed with AIMLESS, and resolution was cut until

CC1/2 = 0.5.28 Molecular replacement was performed using MOLREP, using a monomer of the ligand-free EM structure of

BmSF-TAL as a search model.29 Automated model building was performed using BUCCANEER.30 Diagram preparation for molec-

ular models was performed using CCP4MG, Chimera or Pymol, depending on the desired outcome.31–33 Data collection and refine-

ment statistics are available in Table S1.

Electron cryomicroscopy (cryo-EM)

The York Glacios electron cryomicroscope (ThermoFisher Scientific), equipped with a Falcon IV detector, was used for imaging. The

instrument was operated at 200 kV. Automated data collection was performed using EPU (ThermoFisher Scientific). Experiment-spe-

cific data collection parameters are available in Table 1. Image processing and 3D reconstruction was performed using Relion 3.22

Motion correction was performed using MotionCorr v.2.0, using Relions’ own implementation, initial CTF estimation was performed

by GCTF v.1.06.36 Particle picking for the ligand-free dataset was achieved through an initial round of Laplacian of Gaussian refer-

ence-free picking and 2D classification, after which classes resembling the particles of interest were used as the basis for particle

selection. Particles for the SF dataset were picked based on the final 3D reconstruction for the ligand free, lowpass-filtered to 15
_A resolution. Final 2D classification in all cases was performed reference-free and at 3.6 _A/px. As the holozyme was expected to

form the 2-layer, 5-member ring common to decameric TALs, broken particles and noisy classes that did not resemble the expected

shape were removed. All classes showing high resolution features consistent with the expected arrangement were selected for pro-

duction of an initial model, which was used as a reference for higher-resolution refinement and reconstruction. Particles used in this

initial model were then re-extracted at 0.9 _A/px. In all cases final particle selection was achieved using 4 3D classes. These models

were coarse, with angular sampling limited to 7.5�. This was performed in C1 for the ligand-free dataset and in D5 for the SF complex.

Any classes not clearly exhibiting the correct overall fold were discarded. 3D auto-refinement then produced datasets of higher res-

olution. For resolution estimation and sharpening, solvent masking was achieved using a lowpass-filtered map (20 _A), expanded by

10px with a 6px soft edge. To improve the resolution, refinement of anisotropic magnification, trefoil and fourth order aberrations,

astigmatism and defocus were carried out, with the latter two applied per-particle. Bayesian polishing based on a 10,000 particle

training dataset was also performed. All model validation was performed using Molprobity.37–39 Reconstruction details and Fourier

shell correlation plots are in Figures S7., S8. and S9. Model building and validation was performed using Coot34 and diagram prep-

aration was performed identically to XRD structures.

Bioinformatics

Generation of BmSF-TAL structural homologues was performed using the DALI web server.40 All alignment and diagram preparation

was performed using Jalview 11.1.4 and the T-COFFEE server.41,42
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data collection and refinement statistics for all structures described in this work are available in Tables 1 and S1, as well as the spe-

cific PDB, EMDB entries for each dataset. Calculation of SD was performed to assess uncertainty in nanoDSF binding experiments,

which were performed with 3 repeats in all cases.
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