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The sulfoquinovosyl glycerol binding protein SmoF binds and

accommodates plant sulfolipids
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Sulfoquinovose (SQ) is the anionic headgroup of the ubiquitous plant sulfolipid, sul-
foquinovosyl diacylglycerol (SQDG). SQDG can undergo delipidation to give sulfoqui-
novosyl glycerol (SQGro) and further glycoside cleavage to give SQ, which can be me-
tabolized through microbial sulfoglycolytic pathways. Exogenous SQDG metabolites
are imported into bacteria through membrane spanning transporter proteins. The re-
cently discovered sulfoglycolytic sulfoquinovose monooxygenase (sulfo-SMO) path-
way in Agrobacterium tumefaciens features a periplasmic sulfoquinovosyl glycerol
binding protein, SmoF, and an ATP-binding cassette (ABC) transporter. Here, we use
X-ray crystallography, differential scanning fluorimetry and isothermal titration calo-
rimetry to study SQ glycoside recognition by SmoF. This work reveals that in addition
to SQGro, SmoF can also bind SQ, a simple methyl glycoside and even a short-chain
SQDG analogue. Molecular recognition of these substrates is achieved through con-
served interactions with the SQ-headgroup together with more plastic interactions with
the aglycones. This suggests that the solute binding protein of A. tumefaciens, and
related SQ-binding proteins from other sulfoglycolytic pathways, can provide their host
organisms direct access to most of the SQ metabolites known to be produced by pho-

totrophs.

Keywords: X-ray crystallography, substrate-binding protein, isothermal-titration calorimetry,

sulfoglycolysis



1.

Introduction

Sulfoquinovose (6-deoxy-6-sulfoglucose, SQ) is a sulfosugar that occurs primarily as
the anionic headgroup of the plant sulfolipids collectively termed sulfoquinovosyl diacyl-
glycerol (SQDG) (Benson, et al. 1959). SQDG is a constituent of the thylakoid membranes
of photosynthetic organisms (Mizusawa and Wada 2012; Sato et al. 2016) and associates
with membrane proteins such as photosystem Il (Loll et al. 2005). SQDG is a major global
reservoir of organosulfur with an estimated 10 petagrams produced annually (Goddard-
Borger et al. 2017; Harwood and Nicholls 1979). The catabolism of SQDG occurs in a wide
range of gram-positive and gram-negative bacteria through one of five sulfoglycolytic path-
ways (Snow et al. 2021, J. Liu et al. 2021).

The sulfoglycolytic Embden-Meyerhof-Parnas (sulfo-EMP) (Denger et al. 2012, 2014;
Sharma et al. 2021), sulfoglycolytic Entner-Doudoroff (sulfo-ED) (Felux et al. 2015; Li et al.
2020) and sulfoglycolytic sulfofructose transaldolase (sulfo-SFT) (Frommeyer et al. 2020;
Y. Liu et al. 2020) pathways involve scission of the six-carbon SQ backbone into two three-
carbon fragments: carbons 1-3 are metabolized, while carbons 4-6 are excreted as a three-
carbon sulfonate after subsequent reduction to 2,3-dihydroxypropanesulfonate DHPS by
NADH-dependent SLA reductase (YihU) (Sharma et al. 2020) or oxidation to sulfolactate
SL by the NAD*-dependent SLA dehydrogenase). The sulfoglycolytic transketolase (sulfo-
TK pathway) involves stepwise scission of two car-bons (carbons 1 and 2, and carbons 3
and 4) from sulfofructose and transfer to G3P, while carbons 5 and 6 form sulfoacetalde-
hyde, which is reduced and excreted as isethionate (J. Liu et al. 2021). In contrast to all
other known pathways, the sulfoglycolytic SQ monooxygenase (sulfo-SMO) pathway in-
volves the cleavage of the sulfur-carbon bond of SQ with excretion of inorganic sulfur (pre-
dominantly as sulfite) and enables the utilization of all six carbons of SQ (Sharma et al.
2022, J. Liu et al. 2021). For sulfoglycolytic pathways to catabolise SQ, it must first be
liberated from imported SQDG or its delipidated forms sulfoquinovosyl monacylglycerol
(SQMG) and sulfoquinovosyl glycerol (SQGro). SQ is hydrolyzed from these molecules by
‘gateway' sulfoquinovosidases, which belong to glycoside hydrolase family GH31
(www.cazy.org) (Abayakoon et al. 2018; Speciale et al. 2016), while import of SQ glyco-

sides is mediated by specialized permeases or transport systems.

The sulfo-SMO pathway of Agrobacterium tumefaciens utilizes a two-component sys-
tem, comprised of an FMNH-dependent sulfoquinovose monooxygenase and a flavin re-
ductase, to cleave the carbon-sulfur bond of SQ to form 6-oxo-glucose (6-OG) and sulfite
(Sharma et al. 2022), (Figure 1). Reduction of 6-OG to glucose is catalyzed by an NADPH-

dependent 6-OG reductase, enabling the product, glucose, to enter central metabolism.



The smo gene cluster encodes an ATP-binding cassette (ABC) transport system consist-
ing of a pair of identical ATPase domains (SmoE) and two distinct transmembrane do-
mains (SmoG, SmoH). The ABC transporter engages with the periplasmic solute binding
protein SmoF, which binds SQGro with sub-micromolar affinity and recruits it for import
into the cell (Sharma et al. 2022). The sulfo-ED pathway gene cluster in Rhizobium legu-
minosarum also contains an ABC transporter and putative SQGro binding protein, sug-
gesting that ABC transporters may be utilized in other sulfoglycolytic pathways in different

organisms (Li et al. 2020).

Solute binding proteins, such as maltose binding protein (MalE) and SmoF, are asso-
ciated with ABC transporters and are involved in the recruitment of the substrate ligand to
the transmembrane domains to enable ATP-dependent transport across the membrane
(Davidson et al. 2008) (Figure 1). There are seven classes of ABC transporters (Thomas
et al. 2020), with the specificity and mechanism of the type 1 ABC transporter maltose
transporter MalEFGK: perhaps the best characterized. Maltose transporter operates in
conjunction with a periplasmic substrate binding protein MalE, with maltooligosaccharide
loaded-MalE docking with the membrane components MalFGK: (Quiocho, et al. 1997;
Spurlino, et al. 1991). In free (apo) form MalE adopts an open conformation, and upon
ligand binding MalE undergoes a hinge bending motion to a closed conformation. The
adoption of the closed conformation is essential for productive interaction of MalE with the
cytoplasmic-membrane components of the ABC transporter complex and importation of
maltooligosaccharides across the membrane (Duan et al. 2001). The SQ binding protein
SmoF, like other solute binding proteins, has a structural fold comprised of two globular
lobes (interconnected by polypeptide chains), which undergo conformational changes
upon ligand binding (Berntsson et al. 2010; Sharma et al. 2022). Studies of solute binding
proteins show that the ligand-free form undergoes equilibration between open and semi-
closed states (Tang, et al. 2007). In the case of SmoF, once the open ligand-free form
binds SQGro (Sharma et al. 2022), it undergoes a domain rotation to a closed confor-

mation that encapsulates the ligand.

Here, we study the ligand specificity of SmoF, showing that in addition to SQGro, it
can bind SQ, the simple glycoside SQMe and, unexpectedly, a short-chain derivative of
SQDG. The thermodynamic and structural basis of binding for these ligands is explored.
This work suggests that SmoF may facilitate the delivery of both SQ, SQGro and even
plant sulfolipids to the ABC transporter and that this transporter system allows acquisition
of a range of SQ glycosides by the host organism. We demonstrate that the residues in-
volved in sulfonate binding are conserved within several other organisms in the taxon Rhi-

zobiales but not in putative solute-binding proteins associated with ABC transporters in



other sulfoglycolytic bacteria, suggesting that their sulfonate-binding proteins may have

evolved other modes of SQGro recognition.
2, Materials and Methods

2.1. Gene expression and protein purification
Gene expression and purification of SmoF was performed as previously documented
(Sharma et al. 2022). Briefly, expression of SmoF was achieved using pET29b(+) vector
using BL21(DE3) competent E. coli. The native gene sequence for SmoF encodes a signal
peptide, but this was deleted for recombinant expression. His6-tagged binding protein was
purified by immobilised-metal affinity chromatography (IMAC) on a nickel-nitrilotriacetic
acid (NiNTA) column using 50 mM TRIS 300 mM NaCl pH 7.4 containing 30m M imidazole
and the bound protein was eluted using a linear gradient with buffer containing 300 mM
imidazole. SmoF fractions were pooled, concentrated and loaded onto a HiLoad 16/600
Superdex 75 gel filtration column pre-equilibrated with 50 mM NaPi, 300 mM NaCl pH 7.4

buffer. The pooled fractions were concentrated to 40 mg/ml for crystallization trials.

2.2. Protein Crystallization and Optimization
SmoF+SQ crystals were grown in a sitting drop using 20 mg.ml”', in 0.1 M NaBr, Nal, 0.1
M imidazole, MES pH 6.9, 13.5% MPD, PEG 1000, PEG 3350 at 10 °C, with a 5:6 mother
liquor: protein ratio. SmoF*SQMe crystals were grown using 50 mg.ml™" protein in 0.3 M
sodium acetate, 0.1 M BIS-TRIS (pH 5.5) and 35% PEG 2000 MME in a sitting drop, with
a 1:1 protein:mother liquor ratio in-drop. In both cases 2 mM ligand was added to protein
10 min prior to drop formation. SmoF-SQDG-(C4:0/C16:0) crystals were grown in sitting
drop at 6 °C, with 25 mg.ml™ protein and 2.5 mM SQDG-(C4:0/C16:0) dissolved in DMSO,
in 25 mM NaPi, 150 mM NaCl pH 7.0, incubated at room temperature with 2.5 mM SQDG-
(C4:0/C16:0) for 10 min prior to crystallization. Diffraction quality crystals were collected
from a direct scale up of the Morpheus screen (Molecular Dimensions), condition H12.
This contains 0.1 M amino acids (0.2M L-Na-glutamate, 0.2 M alanine, 0.2 M glycine, 0.2
M lysine hydrochloride, 0.2 M serine), 0.1 M buffer system 3 pH 8.5 (1 M TRIS, 1 M bicine)
and 50% v/v precipitant mix 4 (25% MPD, 25% PEG 1000, 25% PEG 3350). Crystals only
formed in premade mother liquor. No cryoprotectant was used on the resultant crystals
due to the presence of cryoprotecting PEG solutions in the mother liquor. Crystals were

harvested then flash cooled in liquid nitrogen, using nylon CryoLoops (Hampton).

2.3. Data collection and structure determination



All crystals were tested using a Rigaku MicroMax 007HF X-ray generator with an RAXIS
IV++ imaging plate detector. Data was collected at 120 K using a 700 Series Cryostream
(Oxford Cryosystems). Diffraction pattern quality assessment and resolution estimate per-
formed using ADXV (Porebski, et al., 2013). X-ray data collection occurred at the Diamond
Light Source, using beamline 1-03 during collection mx18598-51. Data collection statistics
are available in Table 1. Data indexing and initial processing for SmoF+SQ and
SmoF+*SQMe was performed at Diamond, using either DIALS or 3dii automated pipelines
from the Xia2 package (Beilsten-Edmands et al., 2020; Winter et al., 2010). For SmoF with
SQDG-(C4:0/C16:0), indexing was performed manually using DUI (Beilsten-Edmands et
al. 2020). In all cases AIMLESS was used for data reduction and quality assessment (Ev-
ans and Murshudov 2013). Resolution was cut to CC1/2 =0.5, or to the highest resolution
possible while maintaining an outer shell completeness of 80% or higher. Molecular re-
placement used either MOLREP or PHASER (Vagin et al. 2010; McCoy et al., 2007) The
model used for the SmoF+SQMe structure was 70FY, and the SmoF+SQMe structure was
then used for the other two datasets. Early model building was automated using BUCCA-
NEER (Cowtan 2006). Model refinement was performed using REFMAC5 employing local
NCS restraints in the refinement cycles, and all interactive modelling and validation per-
formed in COOT (Emsley & Cowtan, 2004; Murshudov et al., 2011). All steps excluding
manual data integration were performed from within the CCP4i2 system (Potterton et al.
2018). Diagram preparation for molecular models was performed using CCP4MG, Pymol
or UCSF Chimera, depending on the desired outcome (McNicholas et al. 2011; Pettersen
et al. 2004; Schrédinger 2015). Analyses of conformational changes and internal cavities
were performed using the DynDom web server and the CASTp V.3.0 Pymol plugin, re-
spectively (Girdlestone and Hayward 2016; Tian et al., 2018). We detect anisotropy in
SmoF+SQ and SmoF+SQMe datasets as evident from a much higher anisotropic B value
for data along the c* axis, affecting the respective data processing statistics. The resolution
cut-off for these datasets was chosen based on higher quality of maps and better refine-

ment statistics.

2.4. NanoDSF
NanoDSF was performed in 10 yl sample capillaries on a Prometheus NT.48 (NanoTem-
per). Excitation was 15% for ligand-free, SQ and SQMe samples, and 20% for SQDG-
(C4:0/C16:0) and SQDG-(C18:1/C16:0). The 330/350 nm ratio of fluorescence was rec-
orded between 15 °C and 95 °C, at 1 °C.min"". Data collection and preliminary analysis
performed using ThermalControl (NanoTemper). All SmoF samples were at 1 mg.ml™ in
50 mM Tris, 300 mM NaCl pH 7.5. SQ, SQMe were dissolved in and diluted with ultrapure



water with the exception of SQDG analogs (SQDG-(C4:0/C16:0) and SQDG-
(C18:1/C16:0) which were dissolved in DMSO to give a 250 mM stock which was further
diluted to final concentration of 2 mM with 50 mM Tris, 300 mM NaCl pH 7.5 for binding
studies (with final amount of DMSO co-solvent ranging between 0.4-1%). All samples were

centrifuged at 13,000 rpm for 5 min prior to loading.

2.5. Isothermal Titration Calorimetry (ITC)

ITC experiments were performed using a MicroCal iTC200 (GE Healthcare) at 25 °C, with
a 750 r.p.m. stirring speed and a reference power of 10 uCal.s™'. SmoF was equilibrated
into degassed and filter sterilised ITC buffer (50 mM NaPi, 200 mM NacCl, pH 7.4) by dial-
ysis using 3 kDa MWCO Visking tubing. All ligands were dissolved directly into the same
buffer. For SmoF/SQ, 2000 uM SQ was titrated into a cell containing 160 yM SmoF, and
for SmoF/SQMe 2000 uM SQMe was titrated into 160 yM SmoF. Both were injected as a
series of 15 x 2.94 pl injections with a pre-injection of 1 x 0.4 ul. Delays between injection
were set at 120 s, with an initial injection delay of 60 s. All data was processed using
PEAQ-ITC (MicroCal).

2.6. Bioinformatics

To find sulfo-SMO and sulfo-ED clusters containing SmoF homologs, the protein se-
quence of A. tumefaciens C58 SmoF was submitted to the NCBI psiBLAST algorithm,
searching a non-redundant protein sequence (nr) database. Browsing the outputs allowed
identification of homologues in sulfo-SMO and sulfo-ED clusters. To find sulfo-EMP clus-
ters containing SmoF homologs, the E. coli sulfoquinovosidase (NP_418314.1, locus tag
b3878), SQ mutarotase (NP_418315.3, locus tag b3879), SQ isomerase (NP_418316.4,
locus tag b3880), SF kinase (NP_418319.2, locus tag b3883), SFP aldolase
(NP_418317.1, locus tag b3881), SLA reductase (NP_418318.1, locus tag b3882) and
sulfo-EMP regulator (NP_418320.2, locus tag b3884) were submitted separately as que-
ries to the NCBI BLASTp tool. The database searched was the non-redundant protein
sequence (nr) database, with E. coli (taxid: 562) sequences excluded. Standard algorithm
parameters were used, except the maximum target sequences was set to 10,000. The
results were filtered, with only protein sequences with E-value < 5.41e-44 retained. The
corresponding nucleotide accession numbers for each protein from all seven searches
were extracted, and the seven lists combined and duplicates removed to give a list of
candidate genome sequences. This list was converted into a MultiGeneBLAST reference
library and searched using the E. coli sulfo-EMP gene cluster as a query. Scripts for this

pipeline are available on GitHub (https://github.com/jmui-unimelb/Gene-Cluster-Search-



3.

Pipeline). Gene clusters possessing a putative SQase, putative SQ isomerase, putative
SF kinase and putative SFP aldolase were deemed putative sulfo-EMP operons. These
putative sulfo-EMP operons were manually searched to identify their transporter types.
Candidate SQBPs were submitted to Clustal 2.1 for multiple sequence alignment, and

results were used to generate a cladogram.

Results and Discussion

The SQ moiety exists in nature as the free sugar SQ, and as glycosides including
SQDG and SQGro (Supplementary Figure S1). To explore the ability of SmoF to bind to
different glycosides, we synthesized methyl a-sulfoquinovoside (SQMe), and a naturally
occurring SQDG, a-sulfoquinovosyl 1-oleoyl-2-palmitoylglycerol (SQDG-(C18:1/C16:0))
(Zhang et al. 2020). Because the full-length lipids endow this lipoform with poor aqueous
solubility we also synthesized a more water-soluble analogue, a-sulfoquinovosyl 1-buta-
noyl-2-palmitoylglycerol (SQDG-(C4:0/C16:0)), which bears a shorter butanoyl lipid.

Initially, we assessed binding of the analogues to SmoF using nano differential scan-
ning fluorimetry (nanoDSF). NanoDSF uses tryptophan or tyrosine fluorescence to monitor
protein unfolding as a function of temperature and allows calculation of a melting tempera-
ture (Tm) that describes the thermodynamic stability of the protein or protein-ligand com-
plex. Ligand-free SmoF had Tm of 43.9 °C, which was raised to 54.2 °C in the presence of
2mM SQ (ATm = 10.3 °C). Using 2 mM SQMe gave a Tm of 58.5 °C (ATm = 14.6 °C), and
in the presence of 2 mM SQDG-(C4:0/C16:0) the Tm of SmoF increased to 51.8 °C (ATm
= 7.7 °C). In contrast, 2 mM SQDG-(C18:1/C16:0) did not result in a significant change in
Tm (Figure 2c, Supplementary Figure S2). This may indicate this long-chain SQDG does
not bind, that it binds with no change, or may simply reflect the poor solubility of this glyco-
lipid and the formation of micelles unable to bind SQBP (Supplementary Figure S1). We
next studied the direct binding of these ligands to SmoF by isothermal titration calorimetry
(ITC). SQ bound with a Ky value of 2.4 uyM, and SQMe bound with a Ky value of 11.5 uM,
which is 10-fold and 40-fold weaker affinity compared to SQGro, respectively (Figure 2a,
b, Supplementary Figure S3). ITC was attempted with SQDG-(C4:0/C16:0) but was unsuc-
cessful, possibly due to the formation of lipid micelles leading to phase separation (Figure

2c; Supplementary Table S1).

Crystals of complexes of SmoF with SQ, SQMe and SQDG-(C4:0/C16:0) were ob-
tained by co-crystallization with SmoF and diffracted to 1.8, 1.59 and 2.14 A resolution,
respectively (Table 1). Crystal structure of SmoF with SQDG-(C4:0/C16:0) was obtained in



P2, space group and contains two copies in the asymmetric unit with no significant differ-
ences between the copies. Crystals of SmoF with SQ are in space-group, P3421, and
SmoF+SQMe was obtained in P2424124, each with one copy in the asymmetric unit. Of the
394 residues present in the protein, 386 were pre-sent in SmoF+SQ structure, 387 in the
SmoF+*SQMe structure, and 392 in the SmoF*SQDG-(C4:0/C16:0) structure. In all three
cases, 95% or more of the amino acids in the protein were observed in the electron density,
with exceptions occurring primarily in flexible loops and the affinity tag. In all cases SmoF
maintains the globular, primarily a-helical structure with the two-domain fold observed pre-
viously (Sharma et al. 2022). Within the SmoF+SQ complex, SQ is present as the a-anomer
and adopts a *C1 (chair) conformation. Its binding interactions involve the C6 sulfonate and
sugar C2, C3 and C4 hydroxyls (Figure 3a). The sulfonate occupies a binding pocket com-
prised of GIni2-Serss-Gly1es-Thrazo. Within this pocket, the side-chain nitrogen of GInq2 and
side-chain hydroxyl of Thrazo engage in a hydrogen bond with one sulfonate oxygen (2.6 A,
2.9 A), the second sulfonate oxygen forms a hydrogen bond to the backbone secondary
amine of Glyses (2.8 A), and the third sulfonate oxyanion forms a hydrogen bond to the
backbone secondary amide of Serss (2.9 A) and an ordered water (3.0 A). The C1 hydroxyl
forms a hydrogen bond with a side-chain secondary amine on Hisss (2.7 A). The C2 hy-
droxyl group forms hydrogen bonds to the side chain carboxyl of Aspi1s (2.7 A) and the
indole nitrogen of Trp,76 (2.8 A). The C3 and C4 hydroxyls each bind one nitrogen of Argass
and the carboxyl oxygen of Aspe7 (2.9, 2.7, 3.0, 2.5 A) (Figure 3a).

The SmoF+SQMe complex contains small differences in binding recognition compared
to SQ. The sulfonate pocket is identical with the exception of GIni2, which is too distant (3.6
A) from the sulfonate oxygen to form a hydrogen bond. His1s, which is on the same loop, is
unable to form a hydrogen bond with the C1 oxygen as it is now present as a glycoside in
SQMe. All other interactions are identical to those observed with SQ (Figure 3b). The
SmoF+*SQDG-(C4:0/C16:0) complex involves identical interactions as for SQMe with the
C2-4 hydroxyl groups, and within the sulfonate binding pocket. The palmitic acid chain pro-
trudes through the top of the binding pocket and forms a crystal contact with another SmoF

molecule in the asymmetric unit (Supplementary Figure S4).

SQ and SQMe reside within an internal cavity that entirely encloses the ligand (Figures
3d,e). For SQ the volume is 297 A® and for SQMe is 447 A3, 66% larger. The cavity for
SQGro is 476 A%, 6% larger than SQMe (Supplementary Figure S5). As noted above,
SQDG-(C4:0/C16:0) is not fully enclosed by the protein and the cavity features three open-
ings. One of these is occupied by the protruding palmitoyl chain, while the other two are

near the sulfonate. The internal volume of the cavity at 1283 A® is >4 times larger than that



of the SmoF+SQ complex, with a large non-polar region occupied by the butanoyl chain of
SQDG-(C4:0/C16:0) (Figure 3f,g).

The structures of the SmoF complexes with SQ, SQMe and SQDG-(C4:0/C16:0) show
large conformational changes relative to the ligand-free form, as observed previously with
SQGro, (Sharma et al. 2022) and undergo interdomain rotations of up to 33° compared to
the unliganded state (Figure 3g). This movement centers around a pair of hinges, which
are found in other SBPs. MalE features a comparable closure angle upon ligand binding
(37°) (Tang, et al. 2007) (Supplementary Figure S6). In the SmoF+SQDG-(C4:0/C16:0)
complex, ligand binding is accompanied by an upwards deflection in a-helix 1 by 9.8 A,
This moves GIn12 and His1z away from SQDG-(C4:0/C16:0) allowing its large lipid groups
to bind (Supplementary Figure S7, S8). Collectively, this data shows that SmoF retains its
interactions around the sulfosugar yet has sufficient conformational plasticity to accommo-
date larger aglycones. For the diacyl glycerol substituent this enables binding even though

the entire lipid chain cannot be contained within the binding pocket.

The ligand complexes described above identify a set of residues that are involved in
binding a range of SQ analogues, and thus could potentially serve to identify SQ-binding
proteins. Previous work has identified several other sulfoglycolytic clusters containing likely
SQ-binding proteins in association with ABC transporters: the sulfo-ED gene cluster of R.
leguminosarum SRDI565 contains a SmoF homologue with 80% sequence identity (Li et
al. 2020), and a SmoF homologue was identified in the SMO gene cluster of Rhizobium
oryzae with 78% identity (Sharma et al. 2022). To identify other candidate SQ-binding pro-
teins, we performed a search for sulfoglycolytic operons that contained putative SQ binding
proteins and ABC cassettes. We identified a candidate sulfo-SMO gene cluster in Neorhi-
zobium galagae str. DS1499; a candidate sulfo-ED gene cluster in Microlunatus phospho-
vorus NM-1; and candidate sulfo-EMP gene clusters in Vibrio barjaei str. 3062 and Tetra-
sphaera sp. Soil756, all of which contained genes encoding SmoF homologues and ABC
transporters (Figure 4a). A cladogram of these putative SQ binding proteins shows close
homology between the proteins in Rhizobiales but otherwise no relationship between se-

quence identity and the sulfoglycolysis pathway (Figure 4b).

We next studied whether sulfonate binding pockets were conserved across SmoF
homologs as well as other sulfonate-targeting solute binding proteins. Thus, we included
SsuA from E. coli and Xanthomonas citri (Beale et al. 2010; Tofoli De Araujo et al. 2013)
and the taurine-binding protein TauA from E. coli (Qu et al. 2019) which are solute-binding

proteins associated with ABC transporters that bind assorted alkanesulfonates. We also



included MalE as a well-characterized SBP that binds a non-sulfonated ligand. Multiple
sequence alignment of the SmoF homologues, SsuA, TauA and MalE revealed conserva-
tion of the A. tumefaciens SmoF sulfonate binding pocket with only R. lequminosarum and
R. oryzae putative SQ-binding proteins (Supplementary Figure S9). The SQ hydroxyl-bind-
ing arginine and aspartic acid residues are conserved in Neorhizobium but not among other
putative SQ-binding proteins. The poor conservation of binding residues across putative
SQ-binding proteins stands in contrast to the strongly conserved sulfonate binding residues
present in SQases (Abayakoon et al. 2018), which have been used to identify new sulfogly-
colysis gene clusters (Speciale et al. 2016). There was no conservation of sulfonate binding

residues in SsuA or TauA, or in MalE.

Conclusions and Future Work

We show that the solute binding protein SmoF can bind SQ and SQMe, in addition to
SQGro as previously reported (Sharma et al. 2022). The protein-ligand interactions are
almost identical in all cases, and these ligands result in a large conformational change in
the protein versus the apo form, and complete enclosure of the ligand. We also show that
SmoF can bind a simplified SQDG. Despite the large lipid groups, binding occurs through
largely conserved interactions with the SQ headgroup but involves plasticity in its binding
site to partially accommodate the lipid groups. Minor conformational changes in the protein
result in an opening from which the lipids protrude. These results suggest that SmoF may
allow capture of free SQ, SQGro and even lipidated SQ glycosides such as SQMG and
SQDG, allowing metabolism of the lipidic part in addition to the SQ and the glycerol. Previ-
ously, there has been no evidence that SQDG can be completely metabolized by sulfogly-
colytic organisms. Instead, various non-specific lipases have been reported that can cleave
the lipid chains (Snow et al. 2021), suggesting that the sulfo-SMO pathway is used in part-
nership with non-sulfoglycolytic organisms (possibly including plants) that excise and me-
tabolize the energy-rich lipid chains of SQDG, releasing the sulfosugar SQGro. However,
the ability of SmoF to bind SQDG suggests that A. tumefaciens can on its own achieve the
import of SQDG and SQMG. Within this scenario, SmoF, working in concert with A. tume-
faciens sulfoquinovosidase Smol, which is expressed with a signal peptide that will direct
expression to the periplasm, enables capture of the full carbon-content of SQDG/SQMG.
Possibly, this could allow A. tumefaciens to utilize intact sulfolipids as a nutrient upon in-

fecting a plant host.

A search for other ABC transporters and associated solute binding proteins in sulfogly-

colytic gene clusters led to identification of ABC transporter systems similar to that of A.
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tumefaciens in organisms with gene clusters encoding sulfo-SMO, sulfo-ED, sulfo-EMP,
sulfo-SFT and sulfo-TK pathways. This complements earlier reports showing that sulfo-
EMP and sulfo-ED (Denger et al. 2014; Felux et al. 2015) gene clusters also contained
TauE transporters of the 4-toluene sulfonate uptake permease (TSUP) family (Shlykov et
al. 2012) to import SQ and its glycosides. The occurrence of TSUP family or ABC trans-
porter systems in various sulfoglycolysis gene clusters suggests that the specific trans-
porter used to import the sulfosugar substrate is not restricted to a particular pathway. Se-
quence alignment of putative SQ-binding proteins from this range of organisms revealed
that SQ binding residues identified in A. tumefaciens SmoF are not well conserved, and
thus that acquisition of SQ-binding function may have arisen through independent evolu-
tionary events. Thus, sequence-based searches for new SQ-binding proteins may have
poor predictive power, and will require consideration of genetic context and whether the
solute binding protein and ABC transporter are associated with a sulfoglycolytic gene clus-
ter. Finally, the ability of SmoF to bind SQ glycosides bearing extended lipid chains means
it may be possible to exploit this SQ-binding protein to bind to SQ-linked structures for
affinity-based protein capture and purification applications, in a way analogous to the use
of maltose-binding protein that binds its cognate ligands (K4=0.5-2 ym) with similar affini-

ties.
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Figure 1. The sulfoquinovose monooxygenase (sulfo-SMO) pathway of Agrobacterium
tumefaciens. The SQ-Gro binding protein SmoF works in concert with the ABC transporter
SmoE-SmoG-SmoH to transport SQ metabolites into the cytoplasm. SQ glycosides are
cleaved by sulfoquinovosidase Smol, and SQ is converted to glucose and sulfite by FMNH-

dependent monooxygenase SmoC and 6-oxoglucose reductase SmoB.
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AH (Kj/mol)

Molar Ratio

Condition  Tm(°C) Tmshift (°C) Kp (M)

Ligand-free 43.9+0.1

SQGro 59.240.8 15.3 0.29+0.17
SQ 54.240.8 10.3 8.65+2.4
SQMe 58.3+2.0 14.4 11.54£2.3
SQDG 51.840.8 7.9

(C4:0/C16:0)

SQDG 42.9+0.2 -1.0

(C18:1/C16:0)

Figure 2. Binding affinity of SQ and its glycosides for SmoF. a) Isothermal titration calo-
rimogram showing titration of SQ into SmoF. b) Calorimogram of SQMe into SmoF. c) Melting
temperature (Tm) of SmoF, as determined by differential scanning fluorimetry, the Tn shift rel-
ative to apo-SmoF, and Ky values determined by ITC for SQ, SQMe, SQDG-(C4:0/C16:0) and
SQDG-(C18:1/C16:0). Dissociation constants for SQDG-(C4:0/C16:0) and SQDG-
(C18:1/C16:0) could not be measured (noted by a dash). Data for SQGro (in blue) was re-

ported in (Sharma et al, 2022) and has been included for comparison.
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Figure 3. Structural basis and induced conformational changes for binding of SQ and
its derivatives to SmoF. SmoF-ligand complex formation with a) SQ, b) SQMe, and c)
SQDG-(C4:0/C16:0). d-f) Internal cavities filled by SQ, SQMe and SQDG-(C4:0/C16:0), as
detected using the CASTp server. g) Superposition of ligand-free SmoF (yellow) and complex
with SQDG-(C4:0/C16:0) (blue). Hinge angle and domain selection performed using the Dyn-
Dom web server, and hinge residues highlighted in red. h) Binding interactions of SQ and
glycosides. Interactions present in SQ complex but not SQMe or SQDG-(C4:0/C16:0) in grey.
In all cases electron density (2Fo-Fc) has been contoured to 1.0 o or 0.44 e/A? for SmoF+SQ,
0.61 e/A3 for SmoF+*SQMe and 0.44 e/A? for SmoF+-SQDG-(C16:0/C4:0).
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Table 1. Data collection and refinement statistics for SmoF structures complexed with SQ,
SQMe, SQDG-(C4:0/C16:0).

SmoF+SQDG-(C4:0/C16:0)

P 24

53.22 69.59 104.57
90.0, 91.54, 90.0

69.6-2.14 (2.20-2.14)

0.093 (0.305)
0.081 (0.265)
8.9 (3.6)
0.99(0.94)
99.9 (100)
4.1(4.1)

2.14
24477

0.20/0.26

11648
142
239

27
26

29

0.0075
1.50

97.8

22

21
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Supplementary Figure S1: Chemical structures of sulfoquinovose (SQ), SQMe,
sulfoquinovosyl glycerol and sulfoquinovosyl diacylglycerols SQDG-(C4:0/C16:0) and SQDG-
(C18:1/C16:0).
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Supplementary Figure S2: Thermal unfolding profile of ligand free SmoF (black), or when

incubated with 2 mM SQ (red), SQMe (blue), SQDG-(C4:0/C16:0) (green) or SQDG-
(C18:1/C16:0) (purple).
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Supplementary Figure S3: Isothermal titration calorimograms for titration of SmoF with (a)
SQ or (b) SQMe.



Supplementary Figure S4: Crystal contact of SmoF with SQDG-(C4:0/C16:0) showing
mutual cross-chain solvent protection of acyl chain. a) Asymmetric unit of SmoF-SQDG-
(C4:0/C16:0) with ligand highlighted in red. Protein has been coloured by residue
hydrophobicity with blue denoting polar and yellow hydrophobic. b) inset detail of SQDG-
(C4:0/C16:0) occlusion within crystal contact.

Supplementary Figure S5: Cavity detected using CASTp within the SmoF+SQGro complex.
The volume of the pocket (red) is 476 A3,
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Supplementary Figure S6: Superposition of SmoF-SQ, and MBP+maltose (1MPD.pdb).
SmoF is in blue, and MBP is in green. The proteins share a sequence identity of 18.9% and a
global RMSD of 2.6 A. The ligands have been omitted.



2Fo-Fc=100

9.84

Supplementary Figure S7: Ligand binding site of SmoF including movement of the Glnyz-
His1s. Structure is of complexes of SmoF with a) SQ b) SQMe ¢) SQDG-(C16:0/C4:0). In all
cases electron density has been contoured identically to Figure 3 of the main work (1.0 ¢ or
0.44,0.61 and 0.44 e/A3 respectively). (d) Deflection of a-helix 1, GIn12 and His13 by 9.8 A by
SQDG-(C4:0/C16:0). SQ-bound structure in purple, SQDG-(C4:0/C16:0) bound structure in
blue.
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Supplementary Figure S8: Variations in ligand-induced conformation changes in SmoF. In
both cases residues with high RMSD (and thus large differences between conformers)
between each structure are in red, low in blue. Superposition shows a global RMSD of closed
conformations of <0.4 A for SmoF*SQMe and SmoF-SQDG relative to SmoF+-SQ. A.
Conformation variety in all ligand-bound SmoF structures. B. Conformation variety in all
ligand-bound SmoF structures versus the ligand-free ‘open’ conformation a rotation of 30-33°.



Atumefaciensf1-396

R.oryzac/1-4171

R leguminasarium/T-41 1
E.coll_sulfonata/1-319

Moolrifl 375
E.coli_tavrine/l-320
V.barjaeis/1-349

M. phosphovorus/l-414

N.galegae/I-418

C. pasteuranium/1-425

MBF_E.coli-K1Z/1-370
Tetrasphaerasl-135
Tenericubes/ 1-400
T.neopalitana/1-421
DictyoglomussI-433

7- 16D 24Q 3av 44E S2T 62D

' | | | ' [
ELK-TFVSSARIGPD IW- -RKALDOQYEAKTPGYKWY TE TGGN TEHEMQAQY - - LN TYMSAKDSSLDYLMLEW TRP
NLK-VYVESSRIOPOLW- -RKALDQYEAKHPGWKVYT TETGGN TRIEAQAQY - - LN TYVMSAKDPSLDVL ILEY IRFP
ELK- IFVSSERIHPFDOVW- -REKVFDQYESRTAGVKYT IEAGGN TRIEAQAQY - - LNTVMSAKD TNLDVLMLEY IRP
ALR- IGYQKGS IGMYL - - AKSHQLLEKRYPESK ISWYEFPAGPQMLEALNVYGS IDLGSTGD IPP IFAQAA- - -

QLR- IGYQKAVSSLYL - -AKQHRLLEQRFPRTKITWVEFPAGPQLLEALNVGS IDLGGAGD IPPLFAQAA- - -

NVT-VAYQTSAEPAKY - - AQADNTF - AKESGATVDWRKFDSGASIVRALASGDVQ IGNLGSSPLAVAASD - - -

KLT-VPHVSNLDSYNHQSLLYFKNFWVESRSMGAIEVD IYPSGQLCGTAK - - EC TAGVOQAG-MFDYFQTTIPEL

EVS-FAHWRAEDKAAF - -DKLIEEFQAKFPDITVEQD ISPSNDYQT- -QALNRLKGGSAGDVFPTFRGAQ - - -

TIS-WFCA-PTEFEIC--THNVANAWKE -KTGNEAKINKMPALLDDAIPT - -‘(Q_QLLJ’\.-'\KSTDID‘JLFL\.-I IWL
(B

VTI—VWKRGDJ’\TP."\J’\——:’\KIUE!\FEKKY PMIKVKEIENLPS TETEQHNY - - ¥ TTALSTGDDS 1DV TMEV VWA
KLY - IWINGDKGYNGL - -AEVGKKFEK-DTGIKVTVEHPDKLEEKFPQ-- - - - W--AATGDGPD IIFWAHDRF
AIS-FAHWRAEDKDVF--AKLISAFQSATPDYTYROQD ISPSHNDYQS- -SALQRIRGGSVGDVFTAFRGAQ - - -
TLOMLWWSDGTEGEVM--QGLLDDYEE-ETGIVIELVSIPYNDYETRL----AT-MISGGEAPALARVTEGHL

TLR—VLLWDDAMTRAL——KAGLDEFEK—KTGIK\-’ELELIF‘SGMLQI(TL- -LSVTLE--NSDYDLVAVEIEPNI
TIN-VLYWODAH TKAV--KSLIPEFEK-VTGIKVNFVALP TREWLEKAA - -VGISLD--RTDYDLWVAVEEPFY

]|.14S

' '
-LPAFARISMFLY YRKD
~LPAFABISMFLYYRKD
= IFPAFABAMFLYYRKD

SFOQKGSSSHNLLLRALRQAGLKFT
SFOQKGSSAHNLLLRVLAKSGL SMR
SWPFISTTHYSLLAALKHWG TKPG
GWRM IATTKKOVKTPDDVKGLKLR

SLPYQV------ - -
—MPAYHHVGLMFYRKD
-WPFSTEIAGVLFYRKD
SYPIAVEALSL IYNKD
SFPYQY----------
SLPMDITANGLFVNLD
SLPVYNAN IY VWL TRKD
SLPINGHVYWY IYRKD

160Q

|
SFOGKA TEEAVC TFL -
SFQGEKA I
SFQGKA I
“F------- - HESLD

AWQAKSYEEL TCDAT-
LFQAFQNEA IVCNAA-
QE--------- PYFT-

Q
APFTKPTEEBSTCEATL-
GPFTIKAEEWTAEAY -

2207

i
KNISEVARlDDT
KN ITAEVARIDDT
KN ISEVARIDDT
QGVLATFSEA-
QOVMGTLNQA -
KAFAKSA IDAQ
------- VAAQ
PNAVGTYVEPL
EGTLNYDEEAS
KGWVTYKPQDC
- -NADTDYSIA
PNSTGTAVEPC
ED-- Ty vElKNS
KGALDYGHSER
PGKLSFGHTER

Supplementary Figure S9: Multiple sequence alignment of SmoF and homologues in (top to bottom) Agrobacterium tumefaciens, Rhizobium
oryzae, Rhizobium leguminosarum, E. coli K-12 (SsuA, alkylsulfonate binding), Xanthomonas citri, E. coli K-12 (taurine binding), Vibrio barjaei,
Microlunatus phosphovorus, Neorhizobium galagae, Tetrasphaera, Clostridium pastueranium, E. coli K-12 (MalE), Thermotoga neopolitana,
Tenericutes and Dictyoglomus tugidium. Conserved residues featured in the sulfonate binding pocket of SmoF are highlighted in purple, and
residues involved in C2-4 hydroxyl binding in green.



Supplementary Table S1. Thermodynamic values for SmoF binding to SQ, SQMe,
SQDG-(C4:0/C16:0) as measured by ITC.

Condition

Kp (UM)

N (sites)

AH (kJ/mol)

AG (kJ/mol)

-TAS (kJ/mol)

Ligand-free
SQ
SQme

SQDG
(C4:0/C16:0)

SQDG
(C18:1/C16:0)

8.652.41
11.5+2.25

2.89+0.08
1.08+0.02

-7.721£0.621
-6.88+0.282

-28.9
-28.2

-21.2
-21.3



