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Marine phytoplankton produce ~10 tons of dimethylsulfoniopropionate (DMSP) per
year?, an estimated 10% of which is catabolized by badte through the DMSP cleavage
pathway to the climatically active gas dimethyl sdlde (DMS)34 SARI11
Alphaproteobacteria (order Pelagibacterales), the most abundant chemoorganotrophic
bacteria in the oceans, have been shown to assindaDMSP into biomass, thereby
supplying this cell's unusual requirement for redued sulfur>®. Here we report that
Pelagibacter HTCC1062 producesthe gas methanethiol (MeSH) and that simultaneously
a second DMSP catabolic pathway, mediated by a cuplike DMSP lyase, DddK, shunts
as much as 59% of DMSP uptake to DMS production. Weropose a model in which the
allocation of DMSP between these pathways is kinetlly controlled to release increasing

amounts of DMS as the supply of DMSP exceeds celukulfur demands for biosynthesis.

In an experiment designed to measure the stoichigntd DMSP consumption, we
observed thaPelagibacterales strain HTCC1062 produced MeSH, the gaseous eraliptof
a catabolic pathway in which the first step inveN@VSP demethylation. This was consistent
with the presence in the genomedofdA, which encodes DMSP demethyliéeHowever, we
were surprised to observe that axenic culturesisfgtrain also produced large amounts of
DMS (Fig. 1A). This observation indicated that, pies widespread attention to
Pelagibacterales genomics and metagenomics,Paagibacter DMSP cleavage metabolic
pathway leading to DMS formation had gone undetecithe amounts of DMS and MeSH
increased linearly over 18 h of incubation in thesgnce of live cells, but DMS production by
killed cell controls was either low or undetectaller 80% of the DMSP sulfur decrease

could be accounted for, with 59% converted to DEIB) to MeSH, and ~1% for biosynthesis
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(Table 1). These observations were confirmed blytie@ measurements of DMS and MeSH
production by cultured cells, using a proton-transgaction time-of-flight mass spectrometer

(Fig. 2A).

The discovery thatPelagibacter expressestwo DMSP degradation pathways
simultaneously is particularly striking given itsnall genome size (1.28-1.46 Mb) and
simplified metabolisi Enzymes for the DMSP demethylation pathway (Dm@ABave been
described inPelagibacter, but not DmdD, which catalyzes the release of Mef&bin
methylthioacryloyl-CoA (MTA-CoAS. Nor has a gene for any DMSP lyase, which catalyze
the alternate catabolic pathway leading to DMS potidn, been annotated or reported in
Pelagibacter. Thus, the data shown in Fig. 1A confirm a congldemethylation pathway
leading to MeSH production iRelagibacter®’, and are the first evidence of a DMSP cleavage

pathway in this organism.

Assimilation of DMSP sulfur into biomass is potatiir a strong evolutionary driver for
retention of DMSP metabolism Pelagibacterales, which lack genes for assimilatory sulfate
reductiort®. To identify intermediates of DMSP metabolism tbatild support the demand for
reduced sulfur for biosynthesis, HTCC1062 cultusese inoculated into artificial seawater
media in the presence of MeSH, DMS, or methionkig.(1B). Only MeSH and methionine
supported growth above the negative control. Thibe first data showing that free MeSH can
serve as an S source feelagibacterales cells, and it is consistent with the observatioat t
under DMSP-replete conditions, more S is releaseédetH than is used for growth. The lower

molar yield observed with MeSH, relative to methien likely is a consequence of the
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susceptibility of MeSH to spontaneous oxidation. ®M apparently a metabolic waste product
and cannot serve as a source of reduced sulfureiagibacterales, in accord with the
observations that DMS monooxygenase and DMS debgdase are missing from

Pelagibacterales genomes (Fig. S1).

The unexpected observation of DMS production by BIG62 cultures (Fig. 1A)
suggested that a DMSP lyase gene had gone undktecthe genonfe. Reviewing the
genome annotation, we noticed that hypothetica¢ @hR11 0394 was predicted to have a C-
terminal cupin, a very widely distributed protewld that resembles a small battelOf the
DMSP lyases identified to date, three (DddL, Dda@ BddW) have C-terminal cupin domains
and are members of the cupin superfafiit§ (Fig. S2). We confirmed that the SAR11_0394
gene encoded a product with DMSP lyase activity;lbging and expressing it B coli strain
BL21; when grown in M9 medium containing 1 mM DMSRe transformedE. coli strain
converted ~15.4% of this substrate to correspondinar amounts of DMS plus acrylate, as
determined by GC and NMR respectively. Genes hogmls to SAR11 0394 in two additional
Pelagibacterales strains, HTCC9022 and HIMB5, were cloned and alsafirmed to encode
DMSP lyases (Table S1). The genes were naiddd. The DddK of HTCC1062 was purified
and aVmaxof 3.61 + 0.27 pumol DMS mihmg protein, and &Km of 81.9 + 17.2 mM, were

determined (Fig. S3 and S4).

DMSP catabolism also benefits cells by providingparce of organic carbon that can be
oxidized for energy production or assimilated intomass®. The data suggest that when cells

are supplied with an excess of DMSP, 59% of DMSHation likely is supporting carbon
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metabolism (Fig. 1A, Table 1). DMSP lyase enzynresdistributed among multiple protein
families, but all lead to the production of DMS aeither acrylate (DddL,P,Q,W,Y) or 3-
hydroxypropionate (3-HP; Ddd®)The HTCC1062 genome encodes annotated gene# for a
steps in the degradation of acrylate to propionyA®©r acetyl-CoA (Fig. 3). To test tlcapacity

of strain HTCC1062 to assimilate acrylate, proptenar 3-HP, we relied on the unusual
requirement oPelagibacter strains for growth substrates that can be metadxblia pyruvate,
which these cells require for alanine syntn€si&s predicted, acrylate and propionate each
could substitute for pyruvate in defined media. &mtement of growth by 3-HP was slight, but

statistically significant (Student’s t test, n=3;0205), (Fig. 1C).

Comparisons oPelagibacterales genomes across the Group la subclade revealed that
dddK homologues were found in eight of twellRelagibacteralesla genomes (Fig. S5). In
addition to dddK, strain HIMB5 has a homolog adddQ, also a member of the cupin
superfamily®. As predictedE. coli transformants containing cloned HIMB5_000002&d0Q)
displayed DMSP lyase activitiK was 56 mMVmaxwas 0.78imol mint mg proteint). Strain
HTCC7211 and the more distantly related subcladgain HIMB59 lackedlddK homologues
but encoded gene products (respectively PB7211_a6824IMB59 00005110) that are ~30%
identical to DAdP, a DMSP lyase in the M24 familyretallo-peptidasé$'® HoweverE. coli
transformants containing cloned PB7211_108@dP-like) showed very low DMSP lyase
activity (0.5 + 0.1 nmol mimt mg?), and therefore this protein may not be bona BiéSP

lyases.

We compared the abundance of Bakagibacterales genes for DMSP cleavage with those
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for demethylation dndABC) in the Global Ocean Survey (GOS) metagenomicseatg-ig.
S6). The DMSP lyasedddK anddddQ, anddddP, the putative lyase with low activity, were
much less abundant thatmdABC or the single-copy markerecA. This supports the
interpretation that either the cleavage pathwagss important than the demethylation pathway,
or undiscovered DMSP lyase analogs are preseii@nieel agibacterales strains. Interestingly,
Pelagibacterales genes for metabolism of acrylate are more abunitiam DMSP lyases, and
similar in abundance to demethylation genesrao#l, which supports either the interpretation
that DMSP lyases are underestimated because of dharsity, or thatPelagibacter cells

lacking DMSP lyase use acrylate from other soungeshaps dissolved acrylate.

Most of thePelagibacterales strains with DddK genes belong to the temperatéase
ocean ecotypes (la.13, whereas most of the strains that possess Ddd&uateopical ocean
surface ecotypes (la.3) (Fig. S5). This may indidhagat the lyase system is more common in
Pelagibacterales strains, such as HTCC1062, that originate fromhéigproductivity ocean
regions, a distribution that is consistent with itgerred role as an auxiliary system that
metabolizes excess DMSP. However the presence aftemmate gene, DddP, that has weak
DMSP lyase activity in most SAR11 la.3 strains, gagjs that further investigations of the
phenotypes of live strains will be needed befoeedistribution of DMSP metabolism across

the clade is fully understood.

Metabolic reconstruction with eiglftelagibacterales genomes revealed that, consistent
with the observation of MeSH production in HTCC1p6is and other examined

Pelagibacterales strains, except those in the distantly relatectksute Illa, contain homologs
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of the dmdABC genes found irRuegeria pomeroyi?® (Fig. S1). Also reported in nearly all
Pelagibacterales are genes encoding methyl group oxidation pathw@&yg. S1), which
produce energy from DMSP demethylation and arenéis$do the demethylation pathway
because they perform the function of regeneratimg mnethyl-group-accepting cofactor
tetrahydrofolate (THEP?° Pelagibacterales strains also contain homologs of cystathionine-
gammasynthetase (cyg-synth), predicted to catalyze the conversion oSke¢o methioniné,
and thus necessary for growth using MeSH as asadfar source. However, none of these
examinedPel agibacterales strains had homologs dindD (methylthioacryloyl-CoA hydratasg)
which convertdTA-CoA to MeSH. The absence of this gene frBatagibacterales is also
reflected in its low abundance in ocean metagenataiabasés As in HTCC1062dmdD is
not required for complete demethylation of DMSPMeSH in Ruegeria lacuscaerulensis’,
suggesting thadn un-described analogous enzyme fills this pathyegoy

One of the unexpected findings reported abovaeaisitbth the cleavage and demethylation
pathways operate simultaneously. We investigatadstription changes using Affymetrix
microarrays and observed no significant changédsamexpression of DMSP catabolic pathway
genes between HTCC1062 cells grown in the presarw absence of DMSP (see
Supplementary Note II). Since no changes in trapison were observed, we used isobaric tags
for relative and absolute quantitation (iTRAQ) tomgpare the proteomes of HTCC1062
cultures grown in the presence and absence of DM&Hjrming that proteins for both
pathways of DMSP catabolism are expressed consétyi(Fig. S7, Table S2). Further support
for this conclusion came from real-time measuresehDMS and MeSH production by cells,

which showed that DMS and MeSH were immediatelgaséd by cells that had been grown
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in the absence of DMSP when DMSP was added (Fiyj. 2A

We propose that constitutive, simultaneous exprassf the cleavage and demethylation
pathways irPelagibacter is an adaptation that provides these cells witmatically regulated
system that favors the pathway to DMS formationmiméracellular DMSP concentrations are
high. We modeled this process (Fig. S8) using tbasured properties of cloned enzymes and
intracellular DMSP concentration (Fig. 2B).Pelagibacter, DMSP active transport is thought
to be mediated by the ABC transporter (OpuAC), Wwhias the sixth most highly detected
Pelagibacterales protein in a previous study of the Sargasso Setapr@eom&. The
properties of ABC transport functions are consisteith the model in that they predict that
cells can achieve high intracellular DMSP concding from naturally measured DMSP
abundances (Table S3), provided that DMSP remaihéwvihe range of transporter affinity for
a period of hours (see Supplementary Note V). Khave measured for DddK, 81.9 + 17.2
mM (Fig. S4), is high relative to thém of DmdA (13.2 + 2.0 mM}. Intracellular DMSP
concentrations increased following DMSP additi@aahing a maximum of 180 mM after four
hours (Fig. 2B). When DMSP flux into cells is lathie model predicts that most is channeled
to MeSH production, producing energy via oxidatioh the products CEHTHF and
acetaldehyde, sulfur for biosynthesis, and MeSKHdssaused by oxidation and diffusion (Fig.
1A). As intracellular DMSP concentrations rise, thedel predicts that DMSP cleavage to
DMS increases (Fig. S8). There is a precedent imple, kinetically driven switches
controlling the flow of vital metabolites in HTCC&B, where intracellular glycine
concentrations control the flow of carbon from exabolites, such as glycolic acid, via

glycine-mediated riboswitch&4 Kinetic regulation of metabolic processes is vikelbwn,
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but here we see evidence that it plays an unexgpectie in large-scale biogeochemical
processes mediated by metabolically streamlindd.cel

The model presented in Fig. S8 captures the oasens we report, and provides an
explanation for why cells might simultaneously esqs two pathways that compete for a single
substrate. Although the model in Fig. S8 is baseth @itro enzyme kinetics, which can deviate
from the kinetic properties of enzymes in the iogllular environment, the model successfully
approximated the behavior of whole cells (Fig. 2ZA9wever, a number of aspects of this model
will need to be tested and refined before it canvakdly implemented for geochemical
predictions. In particular, we observed cells acslating DMSP to high intracellular
concentrations over a period of a few hours whepksed with excess DMSP. It remains to be
determined how frequently such sustained suppfi€MSP occur in nature.

Recognition that the relative expression of the elfwylation and cleavage pathways by
bacteria in nature controls the fate of DMSP suléar to a concept that is referred to as the
‘bacterial switch’ in discussions of DMSP biogeowtistry’. In principle, the ‘bacterial switch’
could involve different bacterial taxa, each paotEht having a different organization of DMSP
metabolic pathways. Although the bacterial switshargely hypothetic&f>?% insight has
emerged from studies of cells in culture. LRR@agibacter, the marine bacteriuf. pomeroyi
strain DSS-3 has both the DMSP demethylation arehvelge pathways, which are
transcriptionally regulated, although the changesxpression that were reported were not very
larger®2”. Further work is needed to determine whether kir@titching plays a role in the.
pomeroyi response to DMSPRecent field observations indicate tHzaseobacter species

HTCC2255 regulates transcriptional expression @h libe lyase and demethylase pathways
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for DMSP catabolism in response to changing enwiremtal conditiond. The findings we
report here provide important details about thelmaatsms of the bacterial switch that will be
vital to the design of future research and to miodetransformations of DMSP in ocean
ecosystent$3. Many factors, including DMSP leakage from phytopdton, the action of free
(dissolved) DMSP-lyases, and the activity of maifyecent microbial taxa, contribute to
natural fluxes of DMSP and its volatile derivati$®8. The findings we present here describe

an unexpected and simple mechanism that is likelyngortant part of this complex process.

Methods Summary

Measurements of DMSP and its metabolic products:

HTCC1062 was grown in autoclaved, filteredfaitil seawater (ASW} amended with
1 mM NH4Cl, 100uM KH2PQy, 1 uM FeCk, 100uM pyruvate, 5QuM glycine, 1uM DMSP,
and excess vitamits Cultures were harvested by centrifugation, waslede, and
resuspended in ASW. Cells (final concentration wh&x10 cells mL?Y) were distributed into
20 mL sealed vials (10 mL /vial). 1 uM DMSP waseited into vials and were incubated in
the dark at 16 °C. Biological activities were stegy addition of 0.1 M sodium azide (100
uL/vial) at 0 min, 20 min, 1 h, 3 h, 9 h and 18 hudlicate samples were refrigerated before
chemical analysis.

DMS and MeSH were analyzed using the solid-phaseromxtraction-gas

chromatography-pulsed flame-photometric detect®RME-GC-PFPD) methdt®2. DMSP
was quantified by measuring released DMS after dlydis in NaOH (0.1 M final

concentration), at room temperature for 12 h.

10
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DMS & MeSH utilization in HTCC1062

HTCC1062 was cultured in 40 mL clear sealedsvwith autoclaved, filtered ASW
amended with 1 mM NkCI, 100uM KH2PQy, 1 uM FeCk, 100uM pyruvate, 5QuM glycine,
excess vitamirt§ and 100 nM DMSP, methionine, DMS or MeSH. Each etntained a 10
mL aliquot, which was incubated on a shaker aC1€&ell densities were monitored with a

Guava flow cytometé?.

C3 compounds utilization in HTCC1062

Cells were grown in autoclaved, filtered ASW amehaath 100uM NH4CI, 10 uM
KH2PQi, 100 nM FeGJ, 50 uM glycine, 50 uM methionine, and excess vitamifisEach
compound (3-HP, acrylate or propionate) was teatedconcentration of 4M. The positive
control was amended with 10 pyruvate. The negative control contained no pgtay
Real-time measurements of DMS and MeSH by PTR-TOF/®

HTCC1062 was grown in autoclaved, filtered ASW adeshwith 1 mM NHCI, 100uM
KH2PQ4, 1 uM FeCk, 100 uM pyruvate, 25uM glycine, 25uM methionine, and excess
vitaming®. Cultures were harvested by centrifugation, wasines, and re-suspended in ASW.
Cells (3~5x18cells mL! final concentration) were distributed into 100 oflASW and placed
in a 200 mL polycarbonate dynamic stripping chamiepM DMSP was spiked into the
chamber and the suspensions were incubated at 16:d€r a continuous flow of fine air
bubbles. A proton-transfer-reaction time-of-fliglmass spectrometer (PTR-TOF 1000,
IONICON Analytik, Innsbruck, Austria) was used taantify the production of MeSH and

DMS from HTCC1062 cultures. The fundamentals of PMIR® are described elsewhé&te

11
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Primary ions (protonated waterz®) were produced from pure water vapor in the hollow
cathode ion source at a flow rate of 5 sccm, framctvthey entered the drift tube. The sample
air stream produced from the dynamic stripping db@mnwas introduced to the drift tube via a
separate orifice, where proton transfer reactiatiwed between #0* and volatile organic
compounds (VOCs) that had proton affinities gretitan that of water (691 kJ mdl
VOC + HO" - VOCH" + H.0

Within the drift tube, the pressure, temperatunel, wltage conditions were kept constant
at 2.0 mbar, 80C, and 600 V, respectively, which equated to alfsgtength E/N) of 153 Td
(where Td = 18’ cn? V molecule!). One advantage of PTR-MS is that reactions otayin
the drift tube are non-dissociative and thus, cammpie are usually not fragmented during
ionization and exhibit a protonated mass of M+1ug;HHor DMS and MeSH, we monitored m/z
63 and 49, respectively. Although interferencehase masses is likely to be low, we cannot
rule out the possibility that more than one commbwas contributing to the signal. Mass
spectra were recorded up to 250 amu at 10 s irtegratervals. Quantification of gas-phase
DMS and MeSH concentrations was achieved usingelagve transmission (kinetic) approach
and additionally accounted for the influence of iydrated water cluster at m/z 37 (due to the
high sample humidity introduced by bubbling aircingh seawater). For MeSH, a default
collision rate constant of 2.00x?0cm? was assumed, whereas a literature value of

2.53x10° cm? was used for DM%,

Intracellular DMSP concentration

HTCC1062 was grown in the same condition menticaisale (See methods of Real-

12
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time measurements of DMS and MeSH by PTR-TOF/MS)ltutes were harvested by
centrifugation, washed once and resuspended in AS®Ws (~4x16 cells mL! final
concentration) were distributed into five 200 mlaotbers (100 mL/chamber) and treated using
the same air bubbling method as described for yim@rdic stripping chambers above. 1 uM
DMSP was spiked into the chambers, which were guesdly incubated at 16 °C. Duplicate
negative (killed cells) controls were performeddolgition of 0.1 M sodium azide (1QQ/vial).

10 mL cultures were filtered through 0.1 um PTFEnmheanes at 10min, 1.5h, 4h. 7h, 10h and
13h. The cells on the membranes were washed ortbheA8W, then transferred into 20 mL
sealed vials, and finally resuspended in 10 mL ABWSP was quantified by measuring DMS
release after hydrolysis in NaOH (0.1 M final camication), at room temperature for 12 h.

DMS was analyzed using the SPME-GC-PFPD method.
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Figure Legends

Figure 1. DMSP metabolism in HTCC1062) Accumulated sulfur gas in headspaces as a
function of time. DMS or MeSH production from DM@Eeft Y axis) and DMSP decline (Right

Y axis) in HTCC1062 culturdresults are the average of duplicate samples amdbars show
the range of the duplicates. When the error barsnaisible, they are smaller than the size of
the symbols. Killed cell controls were performedsingle vials and the last data point for the
killed cell (DMSP) was absent. No MeSH was deteatekilled-cell controls. The Pearson’s
correlation P-value for the DMSP regression is ©,0dth correlation of -0.72@) Utilization

of MeSH and DMS by HTCC1062. Cultures were incuthateASW amended with methionine
(positive control), MeSH, or DMS. A culture withoany sulfur source was treated as the
negative control. Each point represents a single and the experiments were repeated three
times, with similar resultsC) Utilization of C3 compounds. Cultures were incubdateASW
amended with 1@M pyruvate (positive control), 3-HP, acrylate andgonate. The culture
without pyruvate was treated as negative controint8 are the average density of triplicate
cultures and error bars show the standard deviétie8). Student’s t test was used to determine

the significant difference between samples for gauh point.

Figure 2. A) Real-time gas-phase MeSH and DMS production measemts by PTR-TOF/MS.
HTCC1062 cell suspensions that were not previoeglyosed to DMSP were incubated in
ASW and subjected to a flow of fine bubbles. 1 uM$P was added at T=0 to cells that had
been grown in the absence of DMSP. Measurementprasented in relative concentration
units and were normalized to the gas-phase coratemts of MeSH and DMS (m/z 49 and 63,
respectively) at T=0. This experiment was repedtede times, with similar results, but

variation that we attribute to differences betwdmatich cultures (see also Fig. S®)
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Intracellular DMSP concentrations. HTCC1062 celsmensions were incubated under the
same condition as in A). Negative controls werkeHikcell cultures. 1 uM DMSP was added at
T=0 to cells that had been grown in the absendeM§&P, and 10 mL aliquots were filtered
through 0.1 um membranes at different time pomt®tain the cells. The intracellular DMSP
concentrations were quantified by measuring DM8as¢ after hydrolysis in NaOH. Results

are the average of triplicate samples and erra $laow the standard deviation (n=3).

Figure 3. DMSP catabolic pathways and homologs identifiedhie HTCC1062. Predicted
enzymes in the cleavage pathway are in red, enzyntlee demethylation pathway are in green.
Proteins in black indicate that no homologs weeaidied in the HTCC1062. The distributions

of these pathways across ®Paagibacteralesis described in more detail in Figures S1 and S5.

Tables

Table 1. Mass balance calculated from Figure 1A.

Concentration (nM) %

A DMSP - 122 100%
A DMS + 73 59%
A MeSH + 26 21%
A Cellular sulfuf + 1 1%
Missing sulfu? 19%

aEstimated cellular sulfur demands according topttevious studip.

bThe DMSP loss unaccounted for could be due to mmeasent errors, oxidation of MeSH, or DMSP accumniatatvithin cells.
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Supplementary Note |I: DMSP catabolic pathways irfPelagibacterales.

Figure S1 shows DMSP catabolic pathways in diagratiemform. Genes that are
predicted to encode enzymes for the metabolism @f/late were present in most
Pelagibacterales strains. Acrylate can be metabolized to 3-hydroggmnate (3-HP) by the
action of AcuNK. However, while AcuK is found in all strains, Acunot a core gene among
the Pelagibacterales. 3-HP can be oxidized to an intermediate, malosateialdehyde (mal-
SA) and then acetyl-CoA, by an alcohol dehydroger(@ldA) and mal-SA dehydrogenase
(DddC), respectively. The predicted homologs fothbdddA and dddC are found in all
Pelagibacterales strains.yhdH is a homolog ofcul that recently was implicated in reductive
3-HP metabolism ifRhodobacter sphaeroides andR. pomeroyi, and was proposed as part of a
novel pathway that converts acrylate to propiongA@ia acrylyl-CoA in those organismnis.
This gene has homologs in &klagibacterales strains except HIMB59. The enzyme that
converts acrylate to acrylyl-CoA has recently biglemtified as a propionate-CoA ligase (PrpE)
in R. pomeroyi“. PrpE carries out multiple functions, and is imeal in a third pathway for
acrylate degradation via transformation to propieraad propionyl-CoA by acrylate reductase
and PrpE, respectively. Acrylate reductase is misBomPelagibacterales, but PrpE is present
in all strains.

DMSO
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dehyd
505 \b:';g DMSP—dmdA_ 3 MMPA B HTCC7211/HIMB59
/ dddP_ \dddD Ve N 2 CoA All but HTCC7211/HIMB59
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Figure S1.DMSP catabolic pathways and homologs identified ifrel agibacterales genomes.
The dashed line indicates a proposed pathway. @uesarks indicate unknown enzymes. All
strains belonging to the temperate ocean surfgoe k.1 havelddK, but most strains from
subtropical ocean sites, type la.3, haddP, or dddQ (HIMB5) (Fig.S5). Genes in black did
not have identified homologs Pelagibacterales. In the western Sargasso Sea, type llla is
found in surface waters in the fall. HIMB59, aayy isolated from the subtropical Pacific,
represents an early branchRel agibacterales’.



DddW Rpom GHQLRPHRHTPPEFYLGLEGSGIVIIDGVPHEIRAGVALYIPGDAEHGTVA
DddQ Rpom GLYYPFHQHPAEEIYFITACEARFILMEGHPPPRRLECPGDHVFHPSGHPHATRT
DddQ HIMB5 NTFYTWHHHEAEEIYFVLSGCKAKFESYGDKSEI-LGPNQARFHKSFQPHSLTT
DddK 1062 GGDLTLHYHSPAEIYVVTNGKGILNKSGKLET IKKCDVVYIAGNAEHALKENN
DddK HIMB5 GGNLTLHHHAPDEIYVVITNGSGTLNKSGELEEIKKGDVVYIAGNAKHALQNN

Figure S2. Comparison ofPelagibacterales DddK and DddQ-like polypeptides with other
cupin DMSP lyases The amino acid sequences of the cupin domaittsedfnown DddW and
DddQ polypeptides iR. pomeroyi are lined up in comparison with the DddK polypédes of
Pelagibacterales strains HTCC1062 and HIMB5 (gene products SAR19403and
HIMB5_ 00004730, respectively) and the DddQ-likedarct of the HIMB5 00000220 gene of
Pelagibacterales strain HIMB5. Residues conserved in all polypegdidre shown as red letters.
Yellow shading denotes identical residues in the DEdK polypeptides and turquoise shading
shows those residues in common in the Ddd(@&kaigibacterales HIMB5 and ofR. pomeroyi.



Figure S3: Stained SDS-PAGE image showing partial ysification of histidine-tagged
DddK (SAR11_0394).His-DddK has a predicted molecular mass of 15.8.Kme 1 =
Precision Plus Protein Dual Colour Standards (Biprhane 2 = soluble fraction of wild type
E. coli BL21; Lane 3 = Soluble fraction of BL21 containidgneddddK in pBlIO2206; Lane

4 = DddK-containing sample used for kinetics deteations. 0.1% SDS-PAGE gels prepared
with a 15% acrylamide resolving gel, topped wité% stacking gelLoaded samples 1 and 2
are ~2.5 pg and the purified protein sample in Lameas ~250 ng. Gels were run in vertical
tanks (ATTO AE-6450) at 150 V for 2 hours in PAQENIng buffer [25 mM Tris, 200 mM
glycine, 0.1% SDS (w/v)]. Gels were stained withtémtBlue™ (Expedeon). Purity of DddK
Is 76%, which was determined by gel densitometimygisnagel.
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Figure S4. Kinetic analysis of enzyme activity. Mihaelis-Menten plot for the DMSP
lyase activity of DddK (SAR11_0394). For kinetics analysis of DddK initial rates weitéed

to the Michaelis-Menten equation usi@gigin software (version 8, Origin LabSymax was
calculated as 3.61 + 0.27 umol DMS nhjmg protein), andKm 81.9 + 17.2 mM DMSP. DddK
(1.2 pg) was in sodium phosphate buffer (pH 8Thk R value for the fit is 0.982. Standards
errors are indicated (n=3).



A DddK of HTCC1062 ’ DddQ of HIMBS DddP-like of HTCC7211
I-TASSER
Phyre2
Pelagibacterales strains
la.1 la.3 | la- | lla v
B HTCC HTCC HTCC HTCC HTCC HTCC HTCC HTCC HTCC HTCC HTCC HIMB HIMB IMCC HIMB
1062 1002 1013 1016 1040 9565 9022 7211 7214 7217 8051 5 114 9063 59
(o) (00 (0c) (0c) (0c) (oc) (oc) (ss) (ss) (ss) (0c)
DddK | + + + + + + + + - -
(97% (73%  (98% (98% (89% | (89% (73% | (28% | (26%
Ident®) Ident®) Ident®) Ident®) Ident?) | Ident?) Ident?) | Ident®) [ldent?)
DddQ + - = +
(43%
Ident®)
DddP- - - - - - - - + + + - - - - +
like (99%  (98% (47%
Ident?) Ident®) Ident®)

2, the identity to the DddK of HTCC1062. ®, the identity to the DddQ of HIMBS. ¢, the identity to the DddP-like of HTCC7211.

Figure S5. Evolutionary relationships amongdPelagibacterales DMSP lyasesAn analysis of
relationships among the SAR11 lyases we reportasdone using BLASTP, protein structural
prediction programs (I-TASSER, Phyre2) and SFarosepr databaseA) Predicted protein
structures of DddK from HTCC1062, DddQ from HIMBHda DddP-like protein from
HTCC7211 by I-TASSER and PhyreRddK, DddQ and DddP-like protein appear to belong
to different protein families, although DddK andd@giboth have predicted cupin domains, and
may belong to the same superfamily. Comparisondaf) DddQ and DddP-like protein to the
SFam database of hidden Markov models showed #cht grotein was recruited to a separate
SFam model. Furthermore, the top-hitting family éach sequence was additionally found to
be included in a separate ‘clan’ from the othessdefined by the ‘precision 80’ set of clans
provided by SFam; families that reciprocally retatileast 80% of each other's sequences are
placed into a clan together). There is no evidetacshow that these three proteins are
evolutionarily related, which favors the explanatibat these proteins are non-orthologd@)s.

The distribution of DMSP lyase families Hel agibacterales strains. ¥+’ means the homolog of

DMSP lyase is present. means the homolog of DMSP lyase is missing. ‘@@icates strains

that were isolated from the Oregon coast. ‘SS’adatlis strains that were isolated from the
Sargasso Sea. The proteins that have been testBWBP lyase activity are squared in red.
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Figure S6.The relative abundance BElagibacterales DMSP catabolism genes in the GOS
datasetGenes were identified &%lagibacterales clades by a reciprocal best BLAST (RBB)
approach. For each gene, the count of hits wasala®d by gene length, and the normalized
values were summed across species. The frequeribg gingle copyecA gene was used to
evaluate the abundance of the DMSP metabolism genes




Supplementary Note Il: Transcriptional and proteomic analysis of the DMSP metabolic
pathways in Pelagibacterales strain HTCC1062.

To determine whether DMSP catabolic pathways agelaged in HTCC1062ye first
examined changes in transcription in responseda@dtdition of DMSP to the growth medium.
Briefly, HTCC1062 cells were grown in autoclaveittefed artificial seawater (ASW) media
(1 mM NHiCI, 100puM KH2PQy, 1 uM FeCk, 80 uM pyruvate, 40uM oxaloacetate, 40M
taurine, 5uM glycine, 50uM methionine and excess vitamih# the presence and absence
of 1 uM DMSP. Changes in transcription were measured vAffymetrix GeneChip
oligonucleotide microarrays (Microarray data wasgpatted in GEO (GSE65845)), as
described in a previous publication from our reseagroup. Differences were deemed
significant when genes exhibited either a 2-folérade or greater between treatments and
controls, and when the fold change value indicatiifiigrential expression was supported by a
Q-value of 0.05 or less (data not shown). No sigaift changes were observed in the
expression of genes involved in DMSP metabolisg. (éhe genes in Fig. S6), includidddK
anddmdA genes, indicating that these genes and pathwaysoatranscriptionally regulated.

Because transcriptional analysis reveals chang&smscription, but not whether genes
are expressed and translated, we applied quawditptioteomics using the isobaric tag for
relative and absolute quantitation (iTRAQ) methodcompare DMSP catabolic pathway
proteins in cells grown in the presence and absehBMSP. All proteins involved in DMSP
metabolic pathways (AculK, DAdAC, PreE, DmdABC) watetected, except DddK. The
absence of DddK does not show that it is not pitedmut rather is likely an unfortunate
consequence of DddK not producing detectable pepiidthe iTRAQ experiments. The DddK
peptide sequence exhibits an unusually small nurobtyptic peptides that are predicted to
produce MS/MS spectra. Studying data from many roéxperiments, we found that one
peptide that likely originates from DddK was freqtlg detected in cells grown under a variety
of conditions, but, since we don’'t score any protas ‘detected’ unless two peptides are
observed, DddK is marked as ‘unobserved’ in albbaf work. In the iITRAQ experiments not
even this single DddK peptide was observed; whill@runate, this is not surprising because
ITRAQ experiments have unique biases associateld peptide chemistry that can cause
additional peptides to be missed.

In accord with the transcription data, the iTRAQoesment revealed few significant
changes in the abundance of proteins for DMSP roésab (Figure S7; Table S2). Two
proteins in the predicted pathways of DMSP cleavage demethylation were among the
significantly differentially abundant proteins, libe changes in protein abundance were small:
DmdC was 25% more abundant in cultures amendedDMBP than in those amended with
methionine, and DddC was 20% more abundant inr@dtamended with methionine than those
amended with DMSP.

To summarize, the microarray and iTRAQ data callety provide compelling evidence
that both pathways for DMSP catabolism are coristély produced by HTCC1062 cells,
whether DMSP is present in the medium or not.
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Figure S7. Volcano Plot of differential protein expession between HTCC1062 cultures
amended with DMSP (left) vs. cultures amended witlmethionine (right) as determined
by quantitative iTRAQ proteomics. Horizontal red line indicates a p-value cut-off05;
Vertical red lines indicate boundaries of 1.5-fdltference in expression.
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Figure S8. Kinetic models for DMS and MeSH produabn as a function of intracellular
DMSP concentration. A)Product formation rates modeledds/dt = Vim1S(S+Km1) for MeSH
formation by DmdA (green) and modeled di%/dt = Vm2S(S+Km2) for DMS formation by
DddK (blue). Parameter valueégni= 11.7 pmol mirt mg?, Km1= 13.2 mM,Vm2= 3.6 pmol
mint mg?!, Kmz= 81 mM. Note that the model in Fig. S8A does iitahk observations shown
in Fig. 1A, but this is not a surprise becausentfoelel shown in Fig. S8A assumes equivalent
amounts of the two enzymes, DddK and Dm@&A.To solve for rates of production of DMS
and MeSH that match the observations shown in FAgwe assumed an intracellular DMSP
concentration of 180 mM, and adjusted activitieshsthat the amount (by weight) of DddK
(15.8 kDa) is X-fold F=15) DmdA (~40kDa), yielding the model seen in FS§B.
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Figure S9. Real-time gas-phase MeSH and DMS produch measurements by PTR-
TOF/MS. The data in panel A and B are from experimentslairto Fig. 2A. This experiment
was repeated three times. The second and therdpehts are shown here. HTCC1062 cell
suspensions were incubated in ASW and subjectadltov of fine bubbles. DMSP was added
at T=0 to cells that had been grown in the absend@VISP. Measurements are presented in
relative concentration units and were normalizethéogas-phase concentrations of MeSH and
DMS (m/z 49 and 63, respectively) at T=0.
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Supplementary Note IIl: Enzymatic activities of DddKs in Pelagibacterales strains.

DddK homologs from strains HTCC9022 and HMIB5 wel@ned and expressed, and as
expected th&. coli transformants showed DMSP lyase activities simiddhat observed in the
original DddK from strain HTCC1062 (Table S1). Weaatested the most distant DddK-like
proteins of strains HIMB114 (28% identity) and IM@@53 (26% identity) from
Pelagibacterales Illa subclad& However, the cloned genes from these strainsnbaldMSP
lyase activity (were similar t&. coli with the empty vector).

Table S1. Enzymatic activities of DddK proteins fron a variety of Pelagibacterales strains

Pelagibacterales strain DMS production (umol min* mg-
Y

803 pUC57 (E. coli: empty vector) 0.013 £0.000

HTCC1062 (YP_265818) 1.233 +0.087

HIMB5 (WP_014953073) 0.588 +0.114

HTCC9022 (WP_028037226) 0.975+0.041

HIMB114 (WP_009359929) 0.013 +£0.003

IMCC9063 (WP_013695448) 0.011 +0.000
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Supplementary Note IV:

Twelve proteins were identified as having a diffgi@ expression of > 1.5-fold between
DMSP and methionine treatments (Figure S7; Tab)e A2MetF catalyzes the conversion of
CHs-THF to CH-THF, up-regulation of MetF in the presence of DMiSRonsistent with
increased concentrations of &HHF resulting from conversion of DMSP to MMPA byridA.
Similarly, GevT is required alongside FolD in thenwersion of CRHTHF to CHO-THF.
SAR11 1724 is a protein of unknown function contagjra YGGT domain conserved among
integral membrane proteins of unknown function.

Quantitative proteomics provided evidence of upifatpn of PepQ (SAR11_0687) in the
presence of DMSP. As structurally similar createsabave previously been found to have
DMSP lyase activit}, SAR11_ 0687 was synthesized, cloned and overesguigsE. coli as
described previously. However, SAR11_0687 showeeMtence of DMSP lyase activity (data
not shown), therefore it is unlikely that this ot is responsible for DMSP cleavage in
HTCC1062.

Table S2. Proteins with differential expression > 5-fold between HTCC1062 cultures
amended with methionine vs. cultures amended with ISP as determined by quantitative
ITRAQ proteomics. Fold change was calculated using the LIBRA moduléhe Trans-
Proteomic Pipeline and by linear mixed-effects ni@eompassing a fixed treatment effect
and random effect for each peptide associated thihprotein. Bold-text indicates proteins
enriched in DMSP amended cultures.

Locus Protein Coverage* | LIBRA fold change| Lmer fold change
(%+1 s.d.) (Met/DMSP) (Met/DMSP)
SAR11_1030 MetY 60.6 +0.8 3.46 4.12
SAR11 0750 homocysteine S-methyltransferase 308+2| 1.88 1.89
SAR11 0817 non-specific DNA-binding protejn76.5 + 0.6 1.06 1.65
HBsu
SAR11_1172 OsmC 50.6 £12.7 2.74 2.94
SAR11 1173 betaine-homocysteine 36314 1.82 1.81
methyltransferase
SAR11 0578 30S ribosomal protein S21 55.7 £+ 6.3 1.15 1.52
SAR11 0625 proteorhodopsin 17.0+3.9 0.59 0.59
SAR11 0687 pepQ creatinase 23.8+4.2 0.66 0.67
SAR11 0667 GcvH glycine cleavage H-protein 26.5 3 NA 0.66
SAR11 1264 MetF methylenetetrahydrofolate 28.7 + 6.8 0.57 0.53
reductase
SAR11 1265 GevT  glycine  cleavage  systepi34.7 £5.2 0.43 0.52
protein T
SAR11_1724 YGGT family 13.6+0.0 0.63 0.64

*Coverage of the total protein length by peptidéth\a PeptideProphet probability > 0.95
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Supplementary Note V: DMSP transport

It is reasonable to propose that&lagibacter cells can concentrate DMSP from the
environment, where ambient concentrations are MZTable S3), to an intracellular DMSP
concentration of greater ~ 180 mM (a concentratibd(® fold). Firstly, the transporter in
guestion (OpuAC) was the sixth most highly dete@&edgibacterales protein in our study of
the Sargasso Sea metaprotetimand one of the most highly detected proteinsuituoed
Pelagibacter proteomes. This transporter, which is often artedtaas a glycine betaine
transporter, is likely responsible for Kiene's obysgion that in seawater there is an abundant
glycine betaine transporter that has a 5 nM haifiraion constant and is competitively
inhibited by DMSP2 Kiene wisely concluded that this is likely a nifuibctional transporter
that transports DMSP. Note thatPelagibacter has been proven to transport both glycine
betaine and DMSP, and has a single ABC transpoftitre appropriate type. Thus, everything
we report here is consistent with published knogtedn this topic.

In addition, it is also a reasonable predictiomfrthermodynamics. For active transport
from 2 nM to 200 mM:

AG = 2.303 RT log10 (107° = 1071)
=10.9 kcal molé
Since the transporter in question is an ABC trartspthat relies on ATP hydrolysis, -12 kcal
mol? is available.

The cytoplasmic volume dPelagibacter cells (the same strain used in our paper about
DMSP) was at ~0.0um313, At an internal concentration of 200 mM, the amioof DMSP
inside a cell would be (¥ 10?7 liters x 0.2 M) 2x 10'® moles DMSP/cell. This number is
consistent with what is known about the biologyh&f smallest cells. Assuming a spherical cell,
the estimated diameter of the cytoplasmic volumedid2 um.

To calculate flux, assume

Flux = 4nDRC,,
whereR is the radius
D is the diffusion coefficient
C is the ambient concentration in the fluid
Assuming a D of 18 m? sec! (perhaps a slight overestimate) with an R of ua6
Then 1.5 x 10?* moles DMSP per ceff sect
Thus, without factoring in catabolism, it would ¢éak-1300 seconds, or ~22 minutes, to
accumulate DMSP to 200 mM, based on the laws dtigidn, active transport, and the
assumption of 2 nM ambient DMSP.

Table S3: Concentrations of dissolved DMSP (DMSPdh the Oceans as reported in the
literature.

DMSPd concentration location References

10-100 nM Antarctic coastal waters 14

1-34 nM Wadden Sea 15
.1.1-15nM Mauritanian upwelling regions 16
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Up to 6 nM Monterey Bay, CA 17
0.1 nMto 11 nM Northern Gulf of Mexico 18%
1-10 nM Gulf of Mexico mesotrophic shelf 19%
0.2-2.6nM Gulf of Mexico oligotrophic oceanic

5.6 -198.8 nM (180-6360 ng S/L) The North Sea and English Channel 20%
65 nM The Bay of Villefrance-sur-mer 21%
2-9nM Sargasso Sea 224
25-11.4nM Vineyard Sound, Massachuset

Up to 30 nM Delaware Bay 234
3nM Western Mediterranean waters 24%
4 - 150 nM The North Sea

1-16nM Mediterranean 25%
11-24nM The North Atlantic

*These measurements were made before KieneZereghorted that DMSPd concentration measurements
can be influenced by filtration artifacts.

Table S4.Accession numbers used in Fig. 3 and Fig. Sthis table is provided as a separate
file.
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Supplementary Methods:

Synthesis and cloning oPelagibacterales ddd genes that encode DMSP lyases

The intactdddK genes from SAR11 strains HTCC1062 (SAR11_0394); €9@2 (no
gene tag available), HIMB5 (HIMB5_00004730); aitiiK-like genes fronPelagibacterales
strains HIMB114 (no gene tag) and IMCC9063 (SAR11@®B08); anddddQ from strain
HIMB5 (HIMB5_00000220) were each synthesized wétidon usage being optimised for
expression irk. coli. The genes were provided cloned into pUC57 comigithe engineered
ribosome binding site sequences
“TCTAGAAATAATTTTGTTTAACTTTAAG AAGGAG ATATACATATG” (from PpET21)
incorporated directly upstream of their ATG stastions. These recombinant plasmids were
each transformed inté. coli 803 on LB media containing 100 pug rhampicillin and assayed
for DMSP lyase activity, as described below.

ThedddK anddddQ genes of strains HTCC1062 and HIMB5 respectivedyenthen sub-
cloned into the expression vector pET16b udildgl and BamHI, and the resulting plasmids
were each transformed into compet&ntcoli BL21 on LB media containing ampicillin.
Transformants were used for protein purificatiaking advantage of the His tag, which is
incorporated into pET16a-based recombinant plasmids

Assays of DMSP lyase

E. coli 803 or BL21 strains containing clonddd genes cloned in pUC57 or pET16b,
respectively or with the vectors alone, were graw37°C in 5 mL of LB broth containing
ampicillin (100 pg mt!) to an ORg of 0.8. The cells were diluted 10-fold into 300 M9
media containing 1 or 5mM DMSihd 100 nM IPTG for pET16b clongs2 mL vials (Alltech
Associates). Vials were incubated at 28°C for 18rb@nd the concentrations of DMS in the
headspace were measured by gas chromatography,auame photometric detector (Agilent
7890A GC fitted with a 7693 autosampler) and HP-OWax 30 m x 0.320 mm column
(Agilent Technologies J&W Scientific) capillary cwhn. The assayed cells were pelleted, re-
suspended and washed three times in 1 mL of phtesph#fered saline pH 7.4, then lysed by
sonication (6 x 10 s, full power) and the proteam@entrations were estimated as described by
Bradford’.

Purification and characterization of DddK

A 50 mL culture oft. coli containing the recombinant plasmid in whidddK of strain
HTCC1062 cloned in pET16b was grown in LB at 283CGhie presence of 100 nM IPTG. The
cells were harvested, pelleted and re-suspenddd4immL NPI-10 buffer (50 mM sodium
phosphate, 300 mM sodium chloride, 10 mM imidazalle¢n lysed by sonication (lane 3,
Figure S4). The lysate was centrifuged at 13,000 Rihd the soluble fraction was applied, in
two loads of 0.7 mL, to ®iagen Ni-NTA spin column. The column was washed threees
with NPI-30 buffer (50 mM sodium phosphate, 300 reddlium chloride, 30 mM imidazole).
Then, the bound His-DddK was eluted at pH 8.0 usii)-300 buffer (50 mM sodium
phosphate, 300 mM NacCl, 300 mM imidazole), an atapf which is shown in Figure S4.
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To determine the enzyme kinetics of DddK, 1.2 pghefprotein (76% pure) was added
to 30 puL NPI-10 buffer (pH 8.0) containing varyildMSP concentrations, in sealed vials.
Initial reaction rates were measured by assayingSOM the headspace over a 30 minute
incubation period at 22°C.

Nuclear magnetic resonancéNMR)

From a 5 mL culture dE. coli BL21, a 2 mL aliquot was re-suspended in 1 mL®IM
Tris:D20 (pH 6.45). Cells were sonicated, the debris readday centrifugation and the soluble
fraction was incubated at 22°C for 1 h in the pneseof 3 mM*C-DMSP?. 15 uL of 70%
perchloric acid was added per rhthen incubated on ice for 15 min. NMR analysishef
sample was done as described in Tetdal %,

Bioinformatics analysis and proposed DMSP metabolipathways

We expanded on the knowledge obtained in Gebt® by doing additional homology
searches for DMSP metabolism genes using profilédri markov models (HMM%) Because
they are constructed with a range of probabiligtities for a given site in a protein, profile
HMMs are superior to BLAST for finding distantlylaged homolog¥. In this workflow,
representative genes for the reactions in Fig. 8Rg. S1 were obtained from the original
publications®3132 searches of NCBI, and E.C. number searches lmmsggures from3 and
references therein (all starting sequence datacisided in Table S4). These representative
sequences were then searched against a databps#ilef HMMs created for over 436,000
protein families built with Markov clusterifigising hmmscan from the HMMER3 packége
on default settings. SFam HMMs with lowest expeaiugs to the representative sequences
were then searched against Bakagibacterales genomes using hmmsearch on default settings.
Homologs were classified based on HMMs having coatpae expect values to both the
representative sequence an@etagibacterales gene sequence.

Metagenomic analysis

To identify the relative abundance @felagibacterales genes involved in DMSP
metabolism in surface water metagenomes, predictadins encoded by homologsaotilKN,
dddACKPQ, dmdABC andprpE were identified in all 14 genomes from tReagibacter clade
(HTCC1002, HTCC1013, HTCC1062, HTCC7211, HIMB5, HB&B, HIMB058, HIMBO083,
HIMB114, HIMB140, HTCC8051, HTCC9022, HTCC9565, IM8063) currently in the
complete Integrated Microbial Genomes (IMG, htipg.jgi.doe.gov/) database (v. 400).
Homologs were determined using a previously deedribomparative genomics analysis
pipeline. Genes within each cluster were used as queriaSTBLASTN (v. 2.2.22+) search
against the Global Ocean Survey (GOS) nucleotidabdae available from CAMERA
(http://camera.calit2.net/) with query filteringsdbled and defau-value cutoff (-seg no —
max_target_seqs 10000000). Nucleotide sequenaameet from this search were used in a
reciprocal best-BLAST (RBBY] filtering step against the amino acid sequencésdrcomplete
IMG database, returning the best hit to each ntideqguery (BLASTX, -max_target_seqs 1 —
seg no). If the best hit for a nucleotide sequendbe RBB analysis was a protein sequence
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from the original gene cluster, the nucleotide gweas recorded as a successful hit; otherwise
it was rejected. For each gene, the count of has wormalized by gene length, and the
normalized values were summed across species.régeeincy of the single copgcA gene
was used to evaluate the abundance of the DMSPoista genes.

Quantitative proteomics

HTCC1062 was grown in ASW amended with 100 NH4ClI, 10uM KH2PQs, 0.1uM
FeCk, 1 mM pyruvate, 50QM glycine and excess vitamihdriplicate Samples were amended
with 1 uM DMSP, or 1uM methionine and samples with bothuM DMSP and 1uM
methionine are treated as positive controls. Geéise all harvested by centrifugation at the
same time point in the exponential phase. Priohdovesting, cultures were treated with
chloramphenicol (0.01 g-1) and protease inhibitor cocktail Set Il (0.1 mti, ICalBiochem
#539132). Cell pellets were immediately stored80°¢ prior to iTRAQ analysis at the Pacific
Northwest National Laboratory (PNNL).

Each cell pellet was brought up to @0with 8M urea (Sigma-Aldrich, St. Louis, MO)
and sonicated in a water bath with ice until thiéepevent into solution. The samples were
briefly spun and transferred to PCT MicroTube bgoter pulse tubes with 15QL caps
(Pressure Biosciences Inc., South Easton, MA). NTleeoTubes were placed in a MicroTube
cartridge and barocycled for 10 cycles (20 s ad@5% psi back down to ambient pressure for
10 s). All of the material was removed from the Mitubes and transferred to 1.5 mL micro-
centrifuge tubes. A Bicinchoninic acid (BCA) (Thes8cientic, Rockford, IL) assay was used
to determine protein concentration. Dithiothreif@TT) was added to each sample at a
concentration of 5 mM (Sigma-Aldrich, St. Louis, M@nd incubated at 80 for 1 h. The
samples were then diluted 10-fold with 100 mM 4MI€0s, and tryptic digestion (Promega,
Madison, WI) was performed at a 1:50 (w/w) ratiaghithe addition of 1 mM Cagto stabilize
the trypsin and reduce autolysis. The sample wasbhiated for 3 h and cleaned via C-18 solid
phase extraction (SPE) (Supelco, Bellefonte, PAa @ilson GX-274 ASPEC automated SPE
system (Gilson Inc., Middleton, WI). The samplesevdried to 50uL and assayed with a
Direct Detect IR Spectrometer (EMD Millipore, Billea, MA) to determine the final peptide
concentration.

Each sample set of 3 along with the pooled sample avied in a speed-vac until near
dryness and brought up to gD with 1M Triethylammonium bicarbonate buffer (TEAHBEach
sample was isobarically labeled using iTRAQ Muk#pl4-plex) Kits (ABsciex, Framingham,
MA) according to the manufactures instructions.eByi 50 uL of isopropanol was added to
each reagent (iTRAQ 114-117), vortexed and alloteedissolve for 5 min with occasional
vortexing. Reagents were then added to the sammetgxed and incubated for 1 h at room
temperature. The reaction was quenched by addifgulOof water to the sample with
incubation for 15 min at room temperature. The demwithin each set were then combined
and dried in the speed vac to remove the orgaBesh set was cleaned using Discovery C18
50 mg/1 mL solid phase extraction tubes as destabeve and once again assayed with BCA
to determine the final peptide concentration. Tiveeee three technical replicates per sample.

Samples were diluted to a volume of 900with 10 mm ammonium formate buffer (pH
10.0), and resolved on a XBridge C18, 250x4.6 mmMbwith 4.6x20 mm guard column
(Waters, Milford, MA). Separations were performé@.8& mL/min using an Agilent 1100 series
HPLC system (Agilent Technologies, Santa Clara, @4h mobile phases (A) 10 mM
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ammonium formate, pH 10.0 and (B) 10 mM ammoniurmizte, pH 10.0/acetonitrile (10:90).
The gradient was adjusted from at 100% A to 95%vér dhe first 10 min, 95% A to 65% A
over minutes 10 to 70, 65% A to 30% A over minuf@sto 85, maintained at 30% A over
minutes 85 to 95, re-equilibrated with 100% A onenutes 95 to 105, and held at 100% A until
minute 120. Fractions were collected every 1.25aftier the first 15 min (96 fractions). Every
12th fraction was then combined for a total of &thples (each with n=8 fractions pooled) for
each of the 3 sets. All fractions were dried ungezuum and 2@L of 25 mM ammonium
bicarbonate was added to each fraction for stoahg20C until LC-MS/MS analysis.

Each iTRAQ run generated 152,8902345 spectra,ifgigrg 1196 out of 1324 proteins in
HTCC1062. Of these, 112 showed significantly défer expression between DMSP and
methionine treatments (methionine- DMS@Id-change median = 0.913, 1st quartile=0.783,
3rd quartile=1.19).

MS/MS datasets were searched against predictedipsdtomCa. P. ubique HTCC1062
using MSGF+ [ittp://proteomics.ucsd.edu/Software/MSGFPIlus.htiwith the following
search parameters: dynamic methionine oxidatiorjgbdrypsin digest; 20 ppm tolerance.
Reporter ion intensities were collected using MASI@nd processed through the MAC
(Multiple Analysis Chain) pipeline to aggregatdtefi and generate cross-tabulated results for
processing. Redundant peptide identifications leadnter ion intensities summed for a unique
peptide result. Proteins were tested for signifiljadifferent expression between cultures
grown on DMSP and those grown on methionine usitigesar mixed-effects model below
encompassing a fixed treatment effect and randdectefor each peptide associated with the
protein using the Ime4 package in R:

yij = H + ElJl' +}')J + Ejj[‘-
p; ~ N(0, U:f)
eijk ~ N(0,0%)

1=1,..mj=1..n

whereyu is the intercept) is the treatment effeqp,is the random intercept associated with
each peptide andis the per observation variation. The resultimgdr model was tested for
significance of the treatment fixed effect using@WA generating a p-value. The p-value was
then adjusted for multiple comparisons using Bemaidochberg p-value correction:

p.adj = pral

n
Rank(pval)
Rank(pval) = Rank of the p-value in the result set

n = number Uf COII pE:LI'_.l sS0nNs

Proteins with significantly different expressionween DMSP and methionine treatments
were verified with a complimentary analysis usihg fTrans-Proteomic Pipelitfe MS/MS
spectra were searched against predicted proteams fiTCC1062 using X!Tandem with
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identical parameters as before. Spectral matches filtered using PeptideProphet (p > 0.95)
and ProteinProphet (p > 0.90). Relative proteimalamces were calculated using LIBRA using
a default conditions file for 4-channel iITRAQ.

Linear regression showed that estimated fold-chasige between Imer4 and LIBRA
analyses for the 12 most differentially expresseatgins was highly correlated
(coefficient=1.133 0.04 (s.e.)?R 0.99, F = 795.2, d.f. = 10, p = 7.31*4P(SAR11_0667,
the glycine cleavage H-protein was removed fromahalysis as LIBRA failed to estimate
relative abundances for this protein).

The mass spectrometry proteomics data have beessitkp to the ProteomeXchange
Consortiuni® via the PRIDE partner repository with the datagentifier PXD001717.

DMSP model
Substrate competition model
Consider the following reaction scheme:

S+FE, +«—C, — P+ E;
S+FEy, +—Cy — P+ E;

whereS, E1; E> andP1; P2 represent the concentrations of DMSP, demethylaBISP lyase,
and MeSH, DMS respectively. The intermediate congseareC: andCo.

Assuming mass action kinetics, we can write theetBhtial equations for the
concentrations of the various compounds (the dothe left hand side are shorthand for
d=dt):

S = —kSE, — ksSEy + k_,Cy + k_3C,
C, = kSE, — (ki + k)C,
Cy = k3SEy— (k_g+ ky)Cs

Ei = —kiSE+ (ki +k2)Ch
By, = —k3SE,+ (k_3 + k4)Cs
Pl - fx‘-).cl
P = kG

The parameteils andk-; are the rate constants of the reactidnandk-1 for the first reversible
reaction ki for the forward reaction ankt; for the backward reactionf; for the formation
step of the first produd®,, ks andk-3 for the second reversible reaction, and fin&llyor the
formation step of the second prod&et

The total concentration of the enzymés and E, both in free and in bound form, is
constant: and equal to, s& and EJ respectively:

Ey(t) + C1(t) = EY, and Ey(t) + Co(t) = EJ

and thus we can eliminate Bnd & from the equations to get:
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S = —k1S(EY — C1) — k3S(E3 — C3) + k_1C1 + k_3C,
Cl - le(E?—CL) - (k_1+k2)cl
Cy = k3S(E] — Cy) — (k_z + ky)Co

By = —kiS(E) = C1)+ (koy + ko) Cy
By, = —k3S(E) — Ca) + (k_3 + k4)C2
P = kC
P, = kO,

Quasi-steady state
We make the following quasi-steady state assumgtion

In other words, the two complex88; andSE; are assumed to be in steady state. Setting the
corresponding equations in the model above equadro, yields:

ki S(E] — C) — (koy + ko) Cy
0 = ksS(Ey —Ca) — (k_z + k4)Co

We can solve these to expr&ssandC; in terms ofS

EYS
G = om
S k=ith
E9S
Cy = —F
S+ =g

The rates of product formation Bf andP. are respectivelgP1/dt = koC1 anddP2/dt = ksCo,
and they take the usual Michaelis-Menten form:

@ _ I/;nls (l)
df S + Krml
@ _ p;n?S (2)
df S + Kr-rraf%
with
k_ k
Vin = koE) and K,,, = l;— 2 (3)
51
k_s + k.
Ve = k4E) and K, = J;— - (4)
'3

Remark: Suppose we would consider only one of the reastto take place, so that there
IS no competition for the substrate:

S+ E, +«—C, y P, + F,

In this case, making a similar quasi-steady staseiraption, it can be shown that the rate of
formation ofP1 is still be given by the Michaelis-Menten form (&ith the same expressions
(3) for the maximal formation ratén: and half-saturation constaikf:. A similar conclusion
holds for the rate of formation &%.

In other words, whether one assumes the competitiotel or the single enzyme model
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(no competition), the rate of formation of both gwots in terms of the substr&&eremains the
same. This implies that when determining the valoésVm and Ky of both products
experimentally, it does not matter whether thidase for the natural organism (which satisfies
the competition model), or for the cloned systerhi¢h satisfies the single enzyme model).
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