. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

(o) :
w) ReseCerh On"ne Universities of Leeds, Sheffield and York

Deposited via The University of Sheffield.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/196620/

Version: Published Version

Article:

Li, C.-Y., Mausz, M.A., Murphy, A. et al. (2023) Ubiquitous occurrence of a
dimethylsulfoniopropionate ABC transporter in abundant marine bacteria. The ISME
Journal, 17 (4). pp. 579-587. ISSN: 1751-7362

https://doi.org/10.1038/s41396-023-01375-3

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ &2, | University of Qe unIveRsITY

1 =
UNIVERSITY OF LEEDS Sh ffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1038/s41396-023-01375-3
https://eprints.whiterose.ac.uk/id/eprint/196620/
https://eprints.whiterose.ac.uk/

:ISME

ARTICLE

www.nature.com/ismej

W) Check for updates

Ubiquitous occurrence of a dimethylsulfoniopropionate ABC
transporter in abundant marine bacteria

Chun-Yang Li®"***™, Michaela A. Mausz
Maria M. Aguilo-Ferretjans
Yu-Zhong Zhang (®'>3™

© The Author(s) 2023

48, Andrew Murphy*®, Nan Zhang®?, Xiu-Lan Chen
4. Eleonora Silvano®, lan D. E. A. Lidbury

23, Shu-Yan Wang', Chao Gao?,
6 Hui-Hui Fu', Jonathan D. Todd@®’, Yin Chen@®"*™ and

Dimethylsulfoniopropionate (DMSP) is a ubiquitous organosulfur compound in marine environments with important functions in
both microorganisms and global biogeochemical carbon and sulfur cycling. The SAR11 clade and marine Roseobacter group (MRG)
represent two major groups of heterotrophic bacteria in Earth’s surface oceans, which can accumulate DMSP to high millimolar
intracellular concentrations. However, few studies have investigated how SAR11 and MRG bacteria import DMSP. Here, through
comparative genomics analyses, genetic manipulations, and biochemical analyses, we identified an ABC (ATP-binding cassette)-
type DMSP-specific transporter, DmpXWV, in Ruegeria pomeroyi DSS-3, a model strain of the MRG. Mutagenesis suggested that
DmpXWV is a key transporter responsible for DMSP uptake in strain DSS-3. DmpX, the substrate binding protein of DmpXWV, had
high specificity and binding affinity towards DMSP. Furthermore, the DmpX DMSP-binding mechanism was elucidated from
structural analysis. DmpX proteins are prevalent in the numerous cosmopolitan marine bacteria outside the SAR11 clade and the
MRG, and dmpX transcription was consistently high across Earth’s entire global ocean. Therefore, DmpXWV likely enables pelagic
marine bacteria to efficiently import DMSP from seawater. This study offers a new understanding of DMSP transport into marine
bacteria and provides novel insights into the environmental adaption of marine bacteria.

The ISME Journal; https://doi.org/10.1038/s41396-023-01375-3

INTRODUCTION
Approximately eight billion tonnes of the compatible solute
dimethylsulfoniopropionate (DMSP) is produced per annum in
Earth’s surface waters, by marine algae, bacteria, corals, and some
plants [1, 2]. While some DMSP is broken down by the DMSP-
producers themselves [3, 4], the vast majority of DMSP is released
into marine environments where it is utilized by other hetero-
trophic microorganisms (mainly marine bacteria) as a carbon,
energy, and/or sulfur source [2, 5, 6]. Marine bacteria degrade
DMSP to volatile dimethyl sulfide (DMS) and/or methanethiol
(MeSH), which play important roles in the global sulfur cycling,
with potential consequences for global climate regulation [7, 8].
The SAR11 clade and the marine Roseobacter group (MRG)
represent two major groups of heterotrophic bacteria in surface
ocean waters [9-11] and are active participants in marine carbon,
sulfur, and nitrogen cycles [12-14]. Their capacity to metabolize a
diverse range of organic matter compounds partially explains their
success in different marine habitats [10, 15]. DMSP is ubiquitous in
marine environments, with its concentration ranging from
nanomolar to several micromolar [2]. Both the SAR11 clade and
the MRG are able to utilize DMSP as a nutrient [5, 7], most likely as

a source of reduced sulfur, but also of carbon [16]. It has also been
reported that intracellular DMSP concentrations can reach 70 mM
in the MRG bacterium Ruegeria pomeroyi DSS-3 [17], and 180 mM
in the SAR11 bacterium Pelagibacter HTCC1062 [5], potentially for
its antistress properties, as e.g. an osmolyte [2].

DMSP cannot be imported into cells without a specific
transporter [18]. To accumulate DMSP to high millimolar
intracellular concentrations, efficient transporters are necessary.
To date, two transporter families have been reported to import
DMSP into cells, the BCCT (betaine, carnitine, and choline
transporters) and the ABC (ATP-binding cassette) family [7]. The
BCCT transporters are single-subunit transmembrane proteins
involved in the uptake of betaine-type organic osmolytes, such as
choline and carnitine [19]. DAdT, a BCCT transporter whose gene is
often found in a cluster with DMSP lyase genes (e.g. dddD and
dddX) in marine DMSP-catabolising bacteria, was reported to
import DMSP when heterologously expressed in Escherichia coli
[20-22]. Other BCCT transporters that imported DMSP and
betaine, whose genes were not linked to known DMSP lyase
genes, were isolated from the MRG bacteria Roseovarius nubinhi-
bens ISM and Sulfitobacter sp. EE-36 [21].
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ABC transporters, ubiquitous in prokaryotes and eukaryotes, are
one of the oldest and largest protein families [23, 24]. In Gram-
negative bacteria, they usually consist of three subunits: a
periplasmic substrate-binding protein (SBP) responsible for the
primary recognition and binding of substrate, a transmembrane
domain constituting the translocation pathway, and a cytoplasmic
ATP-binding domain to hydrolyse ATP and provide energy for
transport. Current knowledge on the ABC transporters which can
import DMSP derives mainly from work in E. coli and Bacillus
subtilis [21, 25-27]. For instance, some bacteria, e.g. Burkholderia
ambifaria AMMD, contain ABC transporter genes in gene clusters
with dddD and these were also shown to import DMSP in E. coli
[21]. More recently, physiological experimentation revealed the
presence of a high-affinity glycine betaine transporter, likely
related to the ABC-type family, capable of importing DMSP in
SAR11 bacteria, although the specific identity wasn’t established
[28].

All known transporters capable of importing DMSP are multi-
functional, i.e., they have promiscuous substrate specificity and are
not specific for DMSP [21, 25-28]. Yet, cosmopolitan SAR11 and
MRG bacteria, which inhabit oligotrophic regions of the ocean,
accumulate high intracellular DMSP concentrations [5, 17]. Thus,
we hypothesised that there would be a highly efficient and
specific DMSP importer yet to be discovered.

Here, we identified an ABC-type DMSP transporter (DmpXWV)
from R. pomeroyi DSS-3, the best-characterized model MRG strain
which was isolated from coastal seawater [29-33], concentrates
DMSP to 70 mM and utilizes it as a carbon and sulfur source
[7, 31, 34]. DmpX, the SBP of DmpXWV, exhibited a high binding
affinity and specificity for DMSP in vitro. Mutagenesis experiments
suggested that DmpXWV is a key transporter responsible for
DMSP uptake in strain DSS-3. The crystal structure of a DmpX
homologue in complex with DMSP was also solved, and the
DMSP-binding mechanism of DmpX was predicted. Furthermore,
bioinformatic analysis indicated that dmpX genes were prevalent
in cosmopolitan marine bacteria. This study provides new insights
into the environmental adaption of marine bacteria and provides
a better understanding of microbial organosulfur cycling.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Ruegeria pomeroyi DSS-3 was routinely cultivated in the marine broth
medium at 30 °C. The E. coli strain BL21(DE3) was grown in the Lysogeny
Broth (LB) medium at 37 °C.

Construction and complementation of AdmpXWV

To create the AdmpXWV knockout mutant regions of homology at the 5
and 3’ ends of dmpXWV were amplified, alongside the gentamicin cassette
from the p34s-Gm plasmid. Amplified DNA fragments were assembled into
linearised pk18mobsacB using the HiFi assembly kit (New England Biolabs)
according to the manufacturer’s instructions. To construct the comple-
mentation plasmid, dmpXWV was cloned into linearised pBBR1TMcS-km
using the HiFi assembly kit. Plasmids were electroporated into competent
Escherichia coli S17.1 Apir and conjugated into R. pomeroyi DSS-3. The
knockout mutant was selected onto minimal media plates containing
gentamicin (10 pg/ml), with resultant colonies screened for kanamycin
resistance. Kanamycin-sensitive clones were PCR screened and products
sequenced to confirm a double crossover. The complemented mutant
strain was selected on MB plates containing gentamicin (10 ug/ml) and
kanamycin (80 pg/ml), and colonies confirmed by PCR screening and
sequencing.

Gene cloning, point mutation and protein expression and
purification

The genes encoding SBPs from R. pomeroyi DSS-3 or R. nubinhibens ISM were
amplified from the genome of R. pomeroyi DSS-3 or R. nubinhibens ISM by
PCR using FastPfu DNA polymerase (TransGen Biotech, China). The dmpX
homologue from P. sp. strain HTCC7211 (locus tag HTCC7211_00013840)
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was synthesized by the Beijing Genomics Institute (China). The related genes
were then cloned into the Ndel/Xhol restriction sites of the pET-22b vector
(Novagen, Germany) with a C-terminal His tag. Point mutations in DmpX
were introduced using the PCR-based method and verified by DNA
sequencing. The SBPs and corresponding mutant forms were produced in
E. coli BL21 (DE3). The cells were cultured in the LB medium with 0.1 mg/ml
ampicillin at 37 °C to an ODggg of 0.8-1.0 and then induced at 18 °C for 16 h
with 0.5 mM isopropyl-B-D-thiogalactopyranoside (IPTG). After induction,
cells were collected by centrifugation, resuspended in the lysis buffer (50 mM
Tris-HCl, 100 mM NadCl, 0.5% glycerol, pH 8.0), and lysed by a pressure
crusher. The proteins were first purified by affinity chromatography on a
NiZ*-NTA column (GE Healthcare, US), and then fractionated by gel filtration
on a Superdex G75 column (GE healthcare, US).

Isothermal titration calorimetry measurements

Isothermal titration calorimetry (ITC) measurements were performed at
25°C using a MicroCal iTC200 system (GE Healthcare, US) or MicroCal
PEAQ-ITC system (Malvern Panalytical, UK). The sample cell was loaded
with 280l of protein sample (30-100uM), and the reference cell
contained distilled water. The syringe was filled with 40 pl of substrates
(100 uM-1 mM). The proteins and substrates were kept in the same buffer
containing 10 mM Tris-HCI (pH 8.0) and 100 mM Nacl.

Crystallization and data collection

The purified RnDmpX protein was concentrated to 7 mg/ml in 10 mM Tris-
HCl (pH 8.0) and 100 mM NaCl. To obtain crystals of the RnDmpX/DMSP
complex, RnDmpX protein was mixed with DMSP in a 1:5 molar ratio. Initial
crystallization trials for the RnDmpX/DMSP complex were performed at
20°C using the sitting-drop vapor diffusion method. Diffraction quality
crystals of the RnDmpX/DMSP complex were obtained in hanging drops
containing 0.2 M magnesium chloride, 0.1 M Bis-Tris (pH 5.5), and 25% (wt/
vol) polyethylene glycol 3350 at 20 °C after 2-weeks incubation. Crystals of
the RnDmpX/DMSP complex soaked with 5-amino-2,4,6-triiodoisophthalic
acid (13C) were obtained by soaking the RnDmpX/DMSP complex with 13C
compound according to the protocol of the 13C Phasing Kit (Hampton
Research, US). Diffraction quality crystals of the RnDmpX/DMSP complex
were obtained in hanging drops containing 0.2 M calcium chloride, 0.1 M
Hepes (pH 7.0), and 20% (wt/vol) polyethylene glycol 6000 at 20 °C after
2-weeks incubation. X-ray diffraction data were collected on the BL19U1
and BL17U1 beamlines at the Shanghai Synchrotron Radiation Facility. The
initial diffraction data sets were processed with the HKL3000 program [35].

Structure determination and refinement

The crystals of the RnDmpX/DMSP complex and the RnDmpX/DMSP
complex soaked with 13C belong to the P4, space group. The structure of
the RnDmMpX/DMSP complex soaked with 13C was determined by single-
wavelength anomalous dispersion phasing. The crystal structure of the
RnDmpX/DMSP complex was determined by molecular replacement using
the CCP4 program Phaser [36] with the structure of the RnDmpX/DMSP
complex soaked with 13C as the search model. The refinements of these
structures were performed using Coot [37] and Phenix [38]. All structure
figures were processed using the program PyMOL (http://www.pymol.org/).

Circular dichroism (CD) spectroscopy

CD spectra for WT RnDmpX and its mutants were carried out in a 0.1 cm-
path length cell on a JASCO J-810 Spectrometer (Japan). All proteins were
adjusted to a final concentration of 30 uM in 10 mM Tris-HCI (pH 8.0) and
100 mM NaCl. Spectra were recorded from 250 to 200 nm at a scan speed
of 200 nm/min.

1%C-DMSP synthesis and determination of radioactive and
molar concentration
C-DMSP  ([1-'*CIDMSP) was synthesised from '“C-acrylic acid and
dimethylsulfide as described earlier [20] and diluted at a 1:10 (vol/vol)
ratio with '2C-DMSP. Triplicates of 1l '*C:'2C-DMSP in 3 ml scintillation
fluid (EcoLume Liquid Scintillation Cocktail, MP Biomedical, US) were
measured on a liquid scintillation analyzer (Tri-Carb 2800TR, Perkin Elmer,
UK) after overnight equilibration. The radioactive concentration of the
4C-DMSP stock thus was determined to be 0.448 kBq ul™.

To confirm the identity and concentration of '*C:"C-DMSP, we used a
published LC-MS approach for nitrogen-containing osmolytes quantifica-
tion [39] due to the structural similarity of the nitrogen-osmolyte glycine
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betaine and the sulfur-containing DMSP. The radiolabelled DMSP-stock
was diluted 10 times in methanol:chloroform: water (12:5:1, vol/vol) and
200nM d;-glycine betaine (Cambridge Isotope Laboratories Inc., US)
added as internal standard (ISTD) to analytical triplicates. Sample
separation was performed using a Discovery HS F5 column and HS F5
Supelguard column (both Supelco, US) on a Dionex 3400RS HPLC coupled
to an amaZon SL ion trap mass spectrometer (Bruker, UK) for mass
detection via Electrospray ionisation in positive ion mode. In parallel,
triplicate standards covering a range of 0.005-2 uM DMSP (dimethylpro-
piothetin hydrochloride, Supelco) were prepared in methanol:chloroform:
water (12:5:1, vol/vol), spiked with 200 nM d;;-glycine betaine ISTD and
measured by HPLC-MS to obtain a calibration curve [40]. 2C-DMSP was
detected at m/z 135 and the ISTD at m/z 129 using Bruker QuantAnalysis
software to determine the ratio of the peak area for 2C-DMSP to the ISTD
in each sample. The molar concentration of '>C-DMSP in the *C:'*C-DMSP
stock was found to be 328.8 + 15.2 mM. Since "*C could not be detected,
the ratio of "C:'>C might have been lower than the assumed 1:10 (vol/
vol) ratio.

Uptake of '*C-labeled DMSP

A single colony of R. pomeroyi DSS-3 WT, AdmpXWV mutant, or
complemented AdmpXWV mutant was inoculated into 5ml of marine
broth medium (MB) and grown overnight at 30 °C under constant shaking
(170 rpm). 1 ml preculture was inoculated into 50 ml MB and grown at
30 °C with shaking (130 rpm) until an ODs4o of ~0.5-0.7 was reached, then
used for DMSP uptake assays.

Due to a relatively low radiochemical and mid-millimolar range molar
concentration of the '*C:'>C-DMSP stock, we could not conduct uptake
kinetics experiments. Instead, we used three DMSP concentrations (50, 150,
and 300 uM) and added them to 3 ml of cultures in biological triplicates.
Cells were incubated at 30°C with shaking (130 rpm) for 5 min, filtered
onto 0.2 um pore size Supor filters (& 25 mm, Pall Corporation, US), and
washed 3x with 1 ml MB medium. Wet filters were transferred to 6 ml
scintillation vials and 3 ml EcoLume Liquid Scintillation Cocktail added.
After equilibration overnight, samples were measured on a Tri-Carb 2800TR
liquid scintillation analyzer. Cells fixed in 2% (vol/vol) freshly prepared
paraformaldehyde solution for >15min at 4°C in the dark prior to
radioisotope addition were used for background correction. Uptake rates
were normalized by cell number. A Shapiro-Wilk test was used to test for
normal distribution of uptake rates and a two-way ANOVA with Tukey’s
multiple comparison test to analyse whether uptake rates of the wild-type
and mutant cultures at the three different DMSP concentrations were
significantly different.

Flow cytometry

Bacterial cell numbers used for normalization of uptake rates were
determined by flow cytometry [41]. 1 ml culture was fixed with a final
concentration of 0.5% (vol/vol) glutaraldehyde (Electron microscopy grade,
BDH, AE) for 30 min at 4 °C, snap frozen in liquid nitrogen, and stored at
-80°C. Samples were thawed at 37 °C for 5 min, stained with SYBR gold
(Invitrogen, US) (final concentration 10 of commercial stock) for 10 min at
60 °C in the dark. 75 to 200-fold sample dilutions in sterile TE buffer (10 mM
Tris-HCI, 1 mM EDTA, pH 8.0) were counted in analytical triplicates on a
CytoFLEX flow cytometer (Beckman Coulter, UK) at a flow rate of 30 pl min®
' for 60 sec. The instrument was equipped with a 50 mW 488 nm solid-
state diode laser with standard filters and the discriminator set to 525 nm
(green fluorescence) (Fig. S1).

Bioinformatic analysis

All phylogenetic reconstructions were performed using IQTREE and tress
were edited to determine phylogenetic relationships between DmpX and
other SBPs encoding the pfam04069 (OpuAC) domain, we used the IMG/
JGI database and online bioinformatics server (https://img.jgi.doe.gov).
Strains (n=28) previously shown to possess functionally characterised
representatives of this SBP family were searched for any ORFs containing
the pfam04069 domain (Function search, ‘filter’ = pfam[list]), see Table S1
for strains and genes used for Fig. 1. Next, genomes from bacterial isolates,
MAGs and SAGs (n=28730) related to phylogenetically distinct marine
bacteria (cyanobacteria and heterotrophs) and archaea, deposited in IMG/
JGI (as of 29™ November 2022), were scrutinised for the presence of any
ORFs encoding the pfam04069 (OpuAC) domain (Function search, ‘filter’ =
pfam[list]). 8277 ORFs from ~3400 genomes were identified and down-
loaded. Using a local version of blast+(v2.10.0), these ORFs were screened
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Fig. 1 Phylogeny of all identified SBPs containing the pfam04069
domain in selected marine bacteria related to the MRG (strains
Ruegeria pomeroyi DSS-3; Roseovarius nubinhibens ISM) and the
SAR11 clade (Pelagibacter sp. HTCC7211), as well as selected
bacteria including Escherichia coli (Ec), Pseudomonas syringae (Ps),
Sinorhizobium meliloti (Sm) that possess experimentally charac-
terised SBPs with affinity for closely related DMSP analogue.
These include TMAO-TmoX, choline-ChoX, carnitine-CaiX, proline
betaine-ProX, glycine betaine-BetX, and histidine-HisX.

by BLASTP (stringency €% minimum similarity 30%) using strain DSS-3 as
the query sequence, returning 1427 ORFs (Table S2). A phylogenetic tree
was reconstructed, using TmoX as the outgroup. Any sequences clustering
outside the DmpX major clade were removed from the data. Using HMMER
v3.3 (hmmbuild), we generated a manually curated profile hidden Markov
model (pHMM) using sequences falling within the DmpX clade and
possessing all key residues. Based on our previous research [13, 42], we
also generated a pHMM for TmoX, a highly synthesised SBP in the ocean
[13].

The Tara Oceans metagenomes (OM_RGC_v2_metaG) and metatran-
scriptomes (OM_RGC_v2_metaT) were searched using these pHMMs
according to a published method [43]. Briefly, the Ocean Gene Atlas
web interface [44] was used to extract sequences and abundances, using a
stringency of e”7°. Sequence abundances were normalized using the
median abundance of 10 single-copy marker genes [45], each with a
stringency of e, in both metagenomes and metatranscriptomes.
Normalized abundances per site were summed by phylogeny at the level
of Order, if available, and by the lowest available taxonomic rank above
that if not available.

RESULTS

Identification of a potential DMSP specific ABC transporter

R. pomeroyi DSS-3 was used as the model to identify the presence
of ABC transporters involved in DMSP uptake since this bacterium
is well known to grow on DMSP and it accumulates DMSP at
70 mM intracellular levels [17, 31]. We first screened the R.
pomeroyi DSS-3 genome for genes encoding SBPs containing a
pfam04069 domain. This substrate binding domain is found in a
number of characterized SBPs that are able to transport DMSP and
other related molecules, such as glycine betaine, choline, carnitine
and trimethylamine N-oxide (TMAO) [13, 46]. This analysis
identified four open reading frames (SPO1131, SPO1548,
SP0O2441 and SPOA0231) encoding SBPs (Fig. 1), including the
previously characterized TMAO-specific SBP, TmoX (encoded by
SPO1548) that does not show any binding affinity to DMSP
[13, 42], and the SPOA0231 that had ~70 % amino acid identity to
a gene product from Rhodobacteriales bacterium KLH11, whose
gene is in a gene cluster with dddD [21].

To verify whether the other three ORFs encoding SBPs (i.e.
SPO1131, SPO2441 and SPOA0231) could bind DMSP, we over-
expressed them in E. coli, purified the recombinant proteins, and
measured their affinities for DMSP using isothermal titration
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Fig. 2 Characterization of the DmpX protein and the genomic position of dmpXWV. a ITC data for titrations of DMSP into recombinant
DmpX from R. pomeroyi DSS-3. b The DMSP transporter gene cluster in the genome of R. pomeroyi DSS-3. ¢ ITC data for titrations of DMSP into
recombinant DmpX from Pelagibacter sp. HTCC7211. d The DMSP transporter gene cluster in the genome of Pelagibacter sp. HTCC7211.

calorimetry (ITC). The recombinant SBP, encoded by SP02441,
possessed a high binding affinity for DMSP, with a K, (dissociation
constant) of 1.1 uM (Fig. 2a), while the other two recombinant
SBPs (encoded by SPO1131 and SPOA0231) did not. Hereafter we
designate the SBP encoded by SP02441 as DmpX, with Dmp
standing for Dimethylsulfoniopropionate. To analyse the substrate
specificity of DmpX, we tested the affinities of this SBP for DMSP
analogues, including TMAO, betaine, choline, and carnitine using
ITC. Compared to DMSP, DmpX presented little binding affinity for
TMAO, betaine, choline, and carnitine (Table S3), suggesting that
DmpX is highly specific for DMSP.

In the R. pomeroyi DSS-3 genome, dmpX is located in a gene
cluster next to ORFs encoding a transmembrane subunit
(SPO2442) and an ATP-binding subunit (SP02443) of the ABC
transporter (Fig. 2b). Usually, the SBP confers the substrate
specificity of the ABC transporter [13, 46], which suggests that
SP02441-2443 encode a transporter specific for DMSP. Hereafter
we designate SP0O2441-2443 as genes encoding DmpX, DmpW,
and DmpV, respectively. It is noteworthy that a DmpX-like protein
is coded for in the genome of SAR11 strain Pelagibacter sp.
HTCC7211 (WP_034399263.1), which shared ~35% amino acid
identity with R. pomeroyi DSS-3 DmpX. To determine whether this
SAR11 SBP (hereafter designated DmpX’?'") is also capable of
binding to DMSP, we chemically synthesized the gene, over-
produced the recombinant SBP in E. coli, and purified it prior to
ITC titration. DmpX’?"" also had a high binding affinity for DMSP,
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with a K; of 100 nM (Fig. 2¢, d). Together, our data suggest that
these model MRG and SAR11 clade bacteria encode a high-affinity
ABC transporter for DMSP uptake.

The importance of R. pomeroyi DSS-3 DmpXWYV in the import
of DMSP

To verify the function of dmpXWV in vivo, a AdmpXWV::Gm mutant
was constructed, which disrupted the genes encoding the entire
dmpXWV gene cluster. To uncover the role of dmpX in DMSP
transport, we performed a '*C-radioisotope uptake experiment
using "*C-DMSP and compared 'C- uptake at three concentra-
tions (50, 150, and 300 uM). Uptake of '*C-DMSP in the mutant
AdmpXWV:Gm significantly decreased in comparison to the wild-
type (WT) (p <0.001) with the strongest reduction at 50 uyM (~5
times) and the lowest decrease at 300 uM (~3 times) (Fig. 3,
Table S4). Complementation with the R. pomeroyi dmpXWV gene
did partly restore *C-DMSP import (Fig. 3). These uptake patterns
support that dmpXWV is a DMSP transporter although it is clear
that other DMSP transporters also exist in this bacterium.

The crystal structure and DMSP-binding mechanism of DmpX
To study the DMSP-binding mechanism of DmpX, we attempted
to solve the crystal structure of DmpX in the presence and
absence of DMSP. While DmpX proteins of R. pomeroyi DSS-3 and
Pelagibacter sp. HTCC7211 did not yield crystals, a DmpX
homologue from MRG strain Roseovarius nubinhibens ISM,
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Fig. 3 DmpXWYV is important for the uptake of DMSP in R.
pomeroyi DSS-3. '*C-DMSP uptake in the WT, AdmpXWV:Gm
mutant, and complemented mutant (comp. AdmpXWV::Gm) at three
concentrations by spiking DMSP in the marine broth medium. The
error bar represents the standard deviation of triplicate experiments.
Small letters indicate significant differences (p < 0.05) between wild-
type, mutant and complemented mutant cultures at different DMSP
concentrations based on a two-way ANOVA with Tukey's multiple
comparison test.

RnDmpX, sharing 58% amino acid identity with R. pomeroyi DSS-3
DmpX, yielded good quality crystals when co-crystallization with
DMSP was conducted. The recombinant RnDmpX also presented a
high binding affinity for DMSP, with a K, of 474 nM (Fig. S2), and
the crystal structure of RnDmpX in complex with DMSP was solved
(Table S5). RnDmpX comprises two domains connected by two
hinge regions (Val106-Gly111 and Arg244-Val247), with a DMSP
molecule bound between the two domains (Fig. 4a).

The binding pocket of RnDmpX is composed of Trp35, Thr64
and Trp84 from domain |, and Glu113, Trp152, Ala153, Tyr200 and
Trp202 from domain Il (Fig. 4b). Residues Thr64 and Ala153
participate in binding DMSP through hydrogen bonds with the
carboxyl group of DMSP (Fig. 4b). Glu113 also participates in
binding DMSP through a water-mediated hydrogen bond with
DMSP (Fig. 4b). The side chains of the four tryptophan residues
form a hydrophobic cage to accommodate the tertiary sulfonium
group of DMSP (Fig. 4b). In particular, we found that Tyr200 could
form a hydrogen bond with the positive-charged sulfur of DMSP
(Fig. 4c). The DMSP binding mode of RnDmpX shares similarities
with those reported in DMSP lyases [47, 48]. However, to the best
of our knowledge, the hydrogen bond interaction between
residues and the sulfur atom of DMSP has not been reported
before. When Tyr200 was mutated to Ala or Phe, the binding
affinities of RnDmpX for DMSP were abolished (Fig. S3),
suggesting that this interaction plays an important role in DMSP
binding. Circular-dichroism (CD) spectroscopy analysis showed
that the secondary structures of the mutants exhibit little
deviation from that of WT RnDmpX (Fig. S4), indicating that
binding affinity loss was caused by amino acid replacement rather
than by structural change. Residues involved in binding DMSP are
highly conserved in MRG and SAR11 clade (Fig. S5), suggesting
that the binding mechanism of DmpX in these marine bacteria
may be similar to that in R. nubinhibens ISM.

Distribution of DmpXWV in marine bacteria through
comparative genomics and metagenomics/
metatranscriptomics

To determine how widespread and potentially important dmpXWV
is in marine bacteria, we scrutinised the genomes of both
cultivated isolates, metagenome-assembled genomes (MAGs)
and single-amplified genomes (SAGs) associated with the marine
environment. Using the IMG/JGI database, genomes were
scrutinised for the presence of dmpX and a phylogenetic tree of
the gene products was reconstructed using TmoX, the SBP for
TMAO, as the outgroup [13]. We found an unexpected diversity
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Fig. 4 Structural analysis of the RnDmpX/DMSP complex. a Overall
structure of the RnDmpX/DMSP complex. Domain | is coloured in
pink, and domain Il in wheat. The location of the DMSP molecule is
indicated by a black arrow. b Residues composing the DMSP-
binding pocket. The oxygen, nitrogen and sulfur atoms in the
structure are coloured in red, blue and yellow, respectively. The
carbon atoms of residues from domain | are shown in pink, and from
domain Il in wheat. The carbon atoms of the DMSP molecule are
shown in cyan. ¢ Structural analysis of the function of residue Tyr200
(carbon atoms coloured in purple) in binding DMSP.

and occurrence of DmpX, revealing vast expansion outside the
MRG and SAR11 clade (Fig. 5). This included occurrence in other
abundant Alphaproteobacteria (SAR116, unclassified), Gammapro-
teobacteria (Candidatus Thioglobus, Oceanospirillales), and Delta-
proteobacteria (SAR324). As seen with other abundant SBPs
identified in the ocean, such as TmoX [13] and AepX [43], two
distinct polyphyletic clades were apparent, which is predomi-
nantly partitioned by lifestyle (free-living versus particle-asso-
ciated). RnDmpX and those from clade | (including DmpX”?'") and
clade Il (including DSS-3) all shared conserved key residues,
suggesting a common mechanism was evident across the
diversity of DmpX.

Based on this unexpected diversity, we investigated the
abundance and phylogeny of dmpX in the global ocean
metagenomes and metatranscriptomes. We searched the Tara
Oceans metagenomic and metatranscriptomics datasets for

SPRINGER NATURE



C.-Y. Li et al.

e

acea®
dobactet’
Rho \,\\N\B“
N N
Roseovarius
nubinhibens
’ ISM -\,
N
N

TmoX

Rhodobacterales
bacterium HTCC2255

Y i

Ruegeria. \
pomeroyi
DSS—7 l

Stappia
stellulata
DSM5886

N

Phylogeny

[l Rhodobacterales

[l Atphaproteobacteria
[ ] Rhodospiralalles

[7] Hyphomicrobiales
D Pseudomonadales
[ Betaproteobacteria
[ Pelagibacterales

D Gammaproteobacteria
[] Oceanospiralalles
D Candidatus Thioglobus
[l Deltaproteobacteria
[ Vibrionales

Alphaproteobacterium
sp. HIMB59

pelagibacter
7211

N,
\n ———

Fig. 5 Environmental distribution and expression of dmpX in the global ocean. Phylogenetic reconstruction of DmpX based on sequences
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respectively, that were experimentally validated in this study or those shown in figure S5.

homologues, using manually curated profile hidden Markov
models (pHMMs). Homologous sequences retrieved from our
searches were manually examined to ensure essential residues
were conserved, and to determine whether DmpX and closely
related SBPs i.e. TmoX, could be easily distinguished (Fig. 5).
Normalized read abundances were combined with phylogenetic
assignments to determine the prevalence of dmpX at surface
water sampling sites (Fig. 6). The majority of marine dmpX genes
and transcripts were closely related to Pelagibacterales, with
unclassified Alphaproteobacteria being the next most abundant
group. However, sequences belonging to Rhodobacterales as well
as the gammaproteobacterium Candidatus Thioglobus were
abundant at sampling sites in the polar oceans (Fig. 6). In certain
oceanic regions the relative abundance of dmpX transcripts was
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significantly higher (dmpX copies were up to 700% of median
single-copy core gene transcript levels) than its corresponding
gene abundance (up to 25% of cells contained dmpX), suggesting
either DMSP catabolism is disproportionately higher in certain
regions, or there are other as yet unidentified transporters active.

DISCUSSION

The microbial use of DMSP as osmolyte or nutrient via DMSP
catabolism, are globally important biogeochemical processes [7].
Critically, these processes require the import of DMSP into cells in
the heterotrophic and/or phototrophic organisms that do not
make DMSP themselves [2, 49]. The MRG and SAR11 clade, two
dominant groups in marine surface waters, are key DMSP
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Fig. 6 The distribution, diversity, and expression of dmpX across
the global ocean. dmpX gene (a) and transcript (b) abundance by
taxonomic assignment in marine surface waters. Normalized gene
and transcript abundance in the Tara Ocean dataset (surface water
sites only). Circle radius represents normalized abundance, calcu-
lated as a percentage of the median gene abundance or transcript
abundance of 10 single-copy marker genes. Relative abundance of
different taxa at each site is shown as pie charts, summing
taxonomy at the level of Order, or the lowest taxonomic rank above
Order. In the figure legend, unclassified is abbreviated to Unc., for
clarity of presentation.

catabolic bacteria, and thus important drivers of marine carbon
and sulfur cycling [5, 7, 17]. However, the importance of these two
groups using DMSP as a carbon source was recently questioned
[16]. Here, bioinformatics was used to identify ABC transporters
with the potential to import DMSP from the genome of the model
MRG bacterium R. pomeroyi DSS-3. Of four candidate transporters
only one, termed DmpXWV, had high binding affinity and
specificity for DMSP and this played a key role in DMSP import
in R. pomeroyi DSS-3 - with a dmpXWV" mutant significantly losing
DMSP import activity compared to wild type strains (Fig. 3). Other
potential transporters in R. pomeroyi DSS-3, e.g. a DddT-like
protein (SPO3186), bioinformatically predicted are likely respon-
sible for the low level DMSP import seen in the dmpXWV mutant
(Fig. 3).

All the previously reported transporters capable of importing
DMSP are likely multifunctional [21, 25-28]. In addition to DMSP,
they also imported varied quaternary ammonium compounds
(QACGs), such as betaine, carnitine, and choline [21, 25-28]. This
may be advantageous allowing them to multitask and import
varied osmolytes/nutrients when they become available in
oligotrophic and or changing settings. However, given that DMSP
is ubiquitous in marine environments where sulfur is abundant
whilst nitrogen is generally more scarce [28], one would predict
the capacity to import DMSP is likely very important for marine
bacteria and, thus, such organisms would require a specific DMSP
importer. Indeed, biochemical data here suggests that DmpX is
one such highly specific DMSP importer found in diverse marine
bacteria. Note, we cannot exclude that DmpXWV does not import
other compounds structurally related to DMSP into cells in vivo
and growth experiments of the dmpXWV deletion mutant on a
wider range of DMSP analogues would help to provide further
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insights. However, our biophysical data presented here demon-
strates that the DmpX homologues tested here cannot bind other
substrates at environmentally relevant concentrations.

Within many bacteria that cleave DMSP and grow on its
catabolites as a source of carbon, their DMSP lyase genes dddD or
dddX are often linked with a transporter gene, either dddT or an
ABC transporter gene cluster [16, 21, 22]. However, most other
DMSP lyase and catabolic genes involved in the demethylation
pathway genes are not commonly located in a gene cluster with
potential DMSP transporters. The genes encoding DmpXWV
identified here are also not colocalised with other known DMSP
catabolic genes (Fig. 2b). Bioinformatic analysis revealed dmpXWVv
was prevalent in abundant marine bacteria, including the MRG
and the SAR11 clade but also found in cosmopolitan Gamma- and
Deltaproteobacteria. Furthermore, high transcript levels of dmpX
were detected across the global ocean, with certain oceanic
regions exhibiting exceptionally high levels. This further exem-
plifies the importance of DMSP and its import as a nutrient and
antistress compound for marine bacteria.

DMSP shares structural similarities with QACs. The DMSP
binding mode of DmpX is similar with the reported binding
modes of SBPs for QACs [42, 50-53], which can be summarized as
an aromatic box formed by three or four aromatic residues to
accommodate the quaternary amine, as well as two or three
hydrophilic residues that form hydrogen bonds with the polar
atoms of QACs [42, 50-53]. QACs contain a positive-charged
nitrogen atom, similar to the positive-charged sulfur atom in
DMSP. However, to the best of our knowledge, a hydrogen bond
interaction between residues and the nitrogen atom of QACs have
never been reported before. Thus, the hydrogen bond formed
between Tyr200 and DMSP may represent a novel substrate
binding and recognition pattern of SBPs.

To conclude, DMSP is an abundant organosulfur compound in
the ocean, and plays important roles in marine stress responses,
microbial food webs and the global sulfur and carbon cycling.
Despite some bacteria producing DMSP themselves [4, 54-56], the
uptake of DMSP is the prerequisite for most marine bacterial
utilisation. Here, we identified an efficient ABC-type transporter
DmpXWV, which is specific for DMSP and prevalent in numerous
cosmopolitan marine bacteria. The DMSP-binding mode of DMSP
in DmpX was also revealed. The results offer a better under-
standing of the global sulfur cycle driven by bacteria.

DATA AVAILABILITY
The structure of RnDmpX/DMSP complex has been deposited in the PDB under the
accession codes 7YLE.
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