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Abstract

Acylated amino acidéunction as important components of the cellular membranesome
bacteria Biosynthesiss initiated by theN-acylationof the amino acidand this idollowed by
subsequentO-acylationof the acylated molecule resulting in the productiontbé mature
diacylated amino acid lipidn this study weuse both genetics andiquid chromatography
mass spectrometry (:-KS)to characterize thebiosynthesis and functioof a diacylated
glycine lipid (GL) speciggsoducedin Bacteroides thetaiotaomicrorWe, and others, have
previously reported the identification of a genegamedglsBin this study that encodes a\-
acyltransferase activityesponsible forthe production of amonoacylated glycine calleld-
acyt3-hydroxypalmitoyl glycindor commendamidg. In all of theBacteroidalegenomes so
far sequenced thglsBgene is located immediately downstream from a gemanedglsA
alsopredicted to encode protein with acyltransferase activityVe use LGS toshow that
co-expression ofglsB and gIsA results inthe production of GLin Escherichia coliWe
constructed a deletion mutant of thglsBgene inB. thetaiotaomicrorand we confirm that
glsBis required for theproduction of Glin B. thetaiotaomicronMoreover, we show thaglsB
is important for the ability of B. thetaiotaomicronto adapt to stress and color@zthe
mammalian gut. Therefore this report describes the genetic requirements for the
biosynthesis ofsL, a diacylated amino acids species tlwantributes tofitnessin the human

gut bacterium B.thetaiotaomicron

Importance

The gut microbiome has an important role in both health and disease of the host. The
mammalian gut microbiome is often dominated by bacteria from the Bacteroidales, an
Order that include®acteroidesndPrevotella In this study wehaveidentified an acylated
amino acid, called glycine lipid, producedBacteroides thetaiotaomicrqra beneficial
bacterium originally isolated from the human gut. In addition to identifying the genes
required for the production of glycine lipids we show that glycine lipids have an important
role during the adaptation dB. thetaiotaomicrorio a numberof environmental stresses
including exposure to either bile or air. We also show that glycine lipids are important for
the normal colonization of the murine gut By thetaiotaomicronThis work identifies

glycine lipids as an important fithess determinamB. thetaiotaomicrorandtherefore



50 increases our understanding of the molecular mechasisnderpinning colonization of the
51 mammalian gut by beneficial bacteria.
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Introduction

Members of he Phylum Bacteroidetesncludinggenera containingmportant human gut
commensabacteriasuch aBacteroidesParabacteroideand Prevotelladominatethe
healthy human gut microbiotél). Thegut-associatedBacteroidetes areequired todigest
complex dietary glycans into sheshain fatty acids (such as acetate and propionate) that
are accessible to the hog2-4). Alongitudinal studyin infantshasrevealed the presence of
Bacteroidesn the infant gut within 1 week of birth and some specie8atteroidedhave
been shown to utilize the polysaccharides presarttuman breast milk5, 6) Therefore it
has been suggested thBacteroidesnay have an important role during the early

development of the infant gu6).

Acylated amino acidsan be foundn the membranes of many bacter{@, 8) The best
characterized, and most widespreatylated amino acid srnithine lipid (OL)OLcontairs
a 3fhydroxy fatty acid group attached by an amide linkage to B@mino group of
ornithine with asecond fatty acid group ester linked to thgl/droxy group of the first
fatty acid(9). The genetics of OL production was first describe&imorhizobium meliloti
whereit wasshownthat a N-acyltransferase encoded lmjsBcatalysedhe attachment of
an hydroxylatedfatty acid group to ornithine, resulting in monoacylateghithine or lyscOL
(10). The second fatty acias subsequentlgttachedto the hydroxyl group ofyso-OL
through the activity oain O-acyltransferase encoded lmysA resulting in the production of
OL(11). An enzyme called OlsEgpntainingfunctionallyindependent domains witi-
acyltransferase an@-acyltransferase activitjhasrecentlybeen shown to produce OL in
Serratia proteamaculand 2). Activitiesthat further modify the Olby hydroxylation or
methylationhave dso been identified13-15). OLhave been shown to be important for
growth during acid and temperature stressRhizobiuntropiciand depletion of Okesults
in an increase ithe speed otrown galitumor formation in plants infected with
Agrobacterium(13, 16) Therefore OLare important duringhe interactions between

bacteria and their environment, including hosts.

We, and others, haepreviouslyidentified a genefrom Bacteroidesinitially namedchoA
that encodesa N-acyltransferase required for the production ofreonoacylated glycine

species calledN-acyt3-hydroxypalmitoyl glycine or commendamidé7, 18) We have
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previously reported thathoAencodes a protein with homology to thi¢acyltransferase
domain of OIsF, suggesting a potential rolediooAin the production ofa diacylated glycine
lipid specieg17). In this study we uskquid-chromatographymass spectrometrnyL(C/M$J to
show thatchoAisrequired for the production o diacylated glycine lipid (GL) in
Bacteroides thetaiotaomicroand, in line with previous nomenclature, we have renamed
choAto glIsB Using heterologous expressiongncolwe show that GL productioalso
requiresglsA a gene predicted to encode &nacyltransferasehat islocated immediately
upstream fromglsBin the B. thetaiotaomicrorgenome Finally we show thatglsBis
important forthe abilityof B. thetaiotaomicrono adapt to stress andolonizethe

mammalian gut

Results

ChoA and ChoB are required to produce diacylated Gt icoli

We have previously shown thahoA when expressed i&. coli results in the production of
commendamide, &-acylated(3-OH @6:0) derivative of glycine with hemolytic activity and
the ability to solubilise cholesterol micell€s?). Inall members of the Bacteroidalése
choAgene is located immediately downstream from another gémaminallycalledchoB
predicted to encode a®-acyltransferas¢17). Together, choAandchoBare homologous to
the bifunctional amino acid acyltransferas®IsFthat isresponsible for the production of
OLin S. proteamaculan&eeFigure ). Therefore, we wanted to determine whethehoA
andchoBmight work togetheito produce diacylated glycine lipids (GL9. dothis we
amplifiedBVU_RSO7726hoA, BVU_R®&7715(choB andchoBchoAfrom B. vulgatusand
cloned thegenesinto pBAD24 for arabinoseontrolled expression i&. col(resulting in the
formation of pBAEchoA pBADBchoBand pBABchoBA respectively). The cells were
cultured in LB broth and gene expression was induced by the addition of(@/2)4-
arabinose to lhe cultures (as described in Materials and Methods). Cells were harvested and
methanol extracts of the cell pellets were subjectechtghresolutionLC/MS analysi#n

cells overexpressinghoA we could detectipid specieghat correspondedo a glycinewith

an N-acylsubstitution of varyingarbon chairlengths and degrees of saturatipprimarily
14:0,16:0 (i.e. commendamidel6:1 andl8:1(see Figur@ and Table 1)Notably,
overexpression othoAalsoresulted in the production oferylow levels of diacylaid

glycine i.e. 0.7% of the total acylated glycine pool (see TabWHgncellscarryingpBAD



117 choBAwere analysedve coulddetecta range oboth monoacylated and diacylategdlycine
118 specieqsee Figur@ and Table 1)The identifyof these lipidswvas confirmed by MS/MS
119 fragmentation althougtsome diacylated glycine speciggpeared tchave mixed fatty acid
120 compositions.g. inthe peak with a m/z value of 510there was a mixture of diacylated
121  glycines substituted witB-OH16:0 +12:0and 3-OH14:0+ 14.0 (seeTable 1) Thetotal

122 level of mon@cylated glycine productiom cells overexpressinghoBAwvasapproximately
123  4.5-fold lower than the level observed in cells overexpressimgAalone. Moreover,

124  diacylated glycine productioim choBAexpressing cellaccounted for 92.7% of thital

125 acylated glycine pool (see Table It)portantly, we could not detect monoacylated or
126  diacylatedglycinein cells overexpressinghoBalone (see Figur®). Therefore, we propose
127 that, in a mechani® analogous to OL biosynthesighoAN-acylates glycine, resulting in the
128 formation of lyseGLwhich is,subsequentlyO-acylated byChoBto producediacylated GL.
129 In accordance with the nomenclature used for the genes involved in OL biosynthesis, w
130 propose to renam&hoAandchoBasglsB(encoding glycin&l-acyltransferaseandglsA
131 (encoding lysasLO-acyltransferaseyespectively(see Figure 1B)

132

133  GsBis required for the production ofommendamiden B.thetaiotaomicron

134 Wewanted toconfirm thatglsA andglsBwere involved in the production d@sLin

135 BacteroidesTo do thisve decided to take advantage of the gendbols availablen

136  Bacteroides thetaiotaomicroWP+5482in order to make a deletion mutant of thgdsB

137 (BT_345%homologte in this bacteriumWe also constructed a strain whereby a native copy
138 of glsBwasinserted into the genome of theglsBmutant strain( ' glsB:glsB.

139 Unfortunately, despite several attempts, we were unable to construct a koatknutation
140 of gIsA(BT_3458)or a double knoclout of glsAglsB in B. thetaiotaomicronNonetheless
141  we were able toidentify lipid species iboth WTandthe complemented' glsB:glsBstrain
142 that were consistent wittommendamide and otheN-acylatedderivatves of glycinésee
143  Figure3and Table 2. Further mass spectrometric analysislicatedthe presence of

144  diacylated GL in both WT atite complemented' glsB:glsBstrainbut not in the 'glsB

145 mutant (see FigureBand Table?). These species showed differences in their retention
146 time compared to the GL found v coliand gave rise to multiple, partially resolved

147 chromatographic peak8acteroidesre known to produce branchechain fatty acids

148 althoughfrom our MS/MS analysis it was not possible to definitively assign whether the
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glycines were acylated with straight or brdwec-chain acyl groups (e.g. 16:0 or metiij:0)
or if they were iseor anteiso-branched(19). Importantly, we could not detect any acylated
glycine in the' glsBmutant (see Table 2). ThereforglsBis required for the productionfo
all acylated glycine speci@sB. thetaiotaomicroninterestingly a comparisorof the total
lipid chromatograndid reveal both qualitative and quantitative differences between the
'glsBmutant and both the WT andglsB:glsBstrain (see Figure A). Although a
comprehensive analysis of these differences is not the objective of tidy,ste did
determine thatan ion with the ame mass akipid 654 is produced 8. thetaiotaomicron
but absent from the ‘glsBmutant (seeFigure3Q. Lipid 654 is an acylated serhgéycine
dipeptide that hadeen detected in many members of the Bacteroidg2®). Lipid 654,
also called flavolipin, was first described in members offla&obacteriunand Cytophaga
(21-23). Some recent studies withorphyromonas gingivallgaveimplicated Lipid 654
osteoblast differentiation and atherosclergsn humansand have also identified Lipid 654
as a potential microbiomassociated biomarker fanultiple sclerosig20, 2426). In
addition,a series omoleculeswith retention times approximately 146 minsand m/z
ratiosranging from 120€300were alsocompletely absent from the glsBmutant. The
identity of thesespeciess currently under investigatiof.herefore our data confirms that
glsBis required for the production of Gind Lipid 654n B. thetaiotaomicroranda

mutation inglsBresults insignificantqualitative andquantitative changes in thdipid profile

of the membranesof this bacterium

The pression ofglsBand glsAis constitutive inB. thetaiotaomicron

We wanted toexamine the expression levelsgisAandglsBin B. thetaiotaomicrorduring
growth. Cells were cultured to midxponential phasén either rich (BHIS)r defined (DMM)
growth media and total RNA was isolat€dFPCR analyssiggestedhat glsAandglsBare
on different transcripts iB. thetaiotaomicron(see Figure 4AYo determine theexpression
profile of glsAandglsBwe examined the data frorpreviously published microarray
experiments undertaken usirg. thetatiotaomicrorcultured under differenin vitroandin
vivoconditions(27, 28) In TYG broth, ach growth medium composed of tryptone, yeast
extract and glucose, thievels ofexpression oboth glsAandglsBis highesduring early

exponential phasandthe expressiorof both genes decreasmver time(see FigurdB). A
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similar trend is observed during growth in minimal media but the decreagksAandglsB
expression over time is not as strofspe FigurdB). Therefore, the expression gfsAand
glsBmay be linked to growth ratévioreover,glsAandglsBare alsoexpressed during
colonization of the cecum of mice By thetaiotaomicror(see FigurdB). ThereforeglsA
andglsBappear to be constitutivelgxpressedn B. thetaiotaomicrorduring growthin vitro

andin viva

TheglsBgene isrequired for normal growthin vitro

During preliminary experinmés we observed thatwhen colonies wer@noculatedfrom agar
platesinto BHIS broth and incubated overnigtitere was significantly reduced growtsf
the 'glsBmutant compared toWTcultures This suggested thglsBmight be important for
the normalgrowth of B. thetaiotaomicronin order b quantify this observation we set up
10 overnightcultures from fresh BHIS agar platesculated withWT, the 'glsBmutant or
the 'glsB:glsBstrain andthe cultures werancubated at 3% for 18hat which pointthe
final ODxoo Was taken as a measurement of growdTand ' glsB:glsBcultures grown
under these conditions reaeldl ODsoo valueswith ameanof 1.42 +/- 0.042and 1.25 +£
0.25 respectively (see FiguB. However, the OB} valuesof cultures inoculated with the
'glsBmutant were significantly lower@.36 +- 0.23; P<0.00)dconfirmingthat the 'glsB
mutant hasa strang growth defect under these conditionisterestingly when 'glsB
mutant cells from theovernight broth culturesvereinoculated intofresh broth cultures
there was no observed defect in growth rate between W& andthe 'glsBmutant (see
Figure5B). Therefore, our data suggests tlgggBmay be required tdacilitate adaptation of
B. thetaiotaomicrorto the transition from growth on a solid surface gwowth inliquid
broth.

TheglsBgene isrequired for adaptation to strese vitro

The transition frongrowth insolid to liquid media may represent a stress to the bacterium.
Therefore, ve decided to assess tlsensitivityof the ' glsBmutant to different stressethat
would normally be encountered . thetaiotaomicron.e. bile stress anthe presence of
oxygenin air. B. thetaiotaomicrorwas culturedn BHIS broth to migxponential phase

before the cellsvere transferredo fresh medium supplemented with 1% (widrcinebile
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and the cellsvere incubated anaerobically, foa further14 h. Under these conditios oth
WTand 'glsB:glsBcultures reackd a final cell density of 2.6 x 16fu mit and 2.7 x 18cfu
mlt respectively(see Figure 6A)This is only marginally lower than the cell density achieved
when cells are growander the same conditions bin the absence of bile (2.98 x°€fu
mltand 2.9 x 18cfu mt, respectively) and this reflects tlégh level obile tolerance
associated with thé&acteroideg429). In contrast the' glsBmutant only achieved a cell
density of 2.7 x 10cfu mi* when cultured in the presence of 18/v) porcinebile (in
contrast to 2.7 x 19cfu mtt when cultured in the absence of bile). Therefdate 'glsB
mutant is approximatelyl0*-fold more sensitived porcinebile than theWT (see Figur&A).
Similarly, the' glsBmutant exhibited a 1dold increased sensitivity to exposure to &ir
14hcompared taboth the WTand ' glsB:glsBstrain (see Figure 6BYherefore, theglsB
geneis important inB. thetaiotaoimicrorio allow adaptation to a variety of stresses

including exposure to bile and air.

TheglsBgene is required fonormal colonization of themurine gut

We wanted to determine the role, if any, glsBduringcolonization of theanammaliangut.
Therefore,germfree C57BL/6 mice were subjected to a single, oral gavage® ofud of

either WTB. thetaiotaomicoror 'glsBmutant bacteria. Fecal pellets were collected on Day
2, 6, 9 and 1postgavageand bacteria were enumerated by viable plate counting on BHIS
agar.On Day 2 the level WW/TB. thetaiotaomicronn fecal pellets was 3.6 x T&fu g*

feces compared to a sificantly lower level of 5.7 x 2@fu g* feces for the' glsBmutant

(see Figur@A). Howeverby Day 4the 'glsBmutant was found to be present in fecal
pellets at the same level as tMgT. Analysis of the cecal content$ mice collected on Day

14 indicated that there is a small, but significant, decrease in the level of gleBmutant

in the cecum compared t@/TB. thetaiotaomicror(see Figure 7BY.herefore, the' glsB
mutant is affected in its ability toolonize the murine gut, particulartjuring the arly

stagesof colonization

An important role foB. thetaidaomicronin the gutis the conersion of dietary glycans into
SCFAuch as acetatand otherorganic acids e.g. succingg 30) Therefore we decided to

useacetate and succinate production asnarker ofB.thetaiotaomicronmetabolism in the



242 host.Using HPLC,avmeasured théevel of acetate anduccinaten the cecal contents

243 collected from gerrfree mice infected with eitheWTor 'glsBmutant. As expected, we
244  could not detect any acetate or succinate iretbtecal contents of uninfected mice,

245 confirming that these metabolites are exclusively derived frarorobialactivity in the gut
246 (see Figur@Q. Thee was a small, but significailann-Whitneytest; P=0.036, decrease
247 in thelevel of acetatgresentin the cecal content®f micecolonizedwith the 'glsBmutant
248 compared toWT(0.37mM (0.240.53mM) vs0.49mM (0.37-0.94mM), respectively) The
249 level of succinate waalsosignificantly(Mann-Whitneytest; P<0.0001yeduced in the cecal
250 contents of mice infected with théglsBmutant compared to thaVTbacteria(0.25 mM

251 (0.060.38mM) vs 11mM (0.51-2.3mM), respectively)Therefore the metabolism of the
252  'glsBmutant is different fromWTB. thetaiotaoimicrorduring growth in the murine gut
253

254  Discussion

255 The acylated amino acidSL andlavolipin, havepreviouslybeen identifiedin the

256 membranes ofeveral different members @¢he PhylumBacteroideteg8, 20, 31)In this
257  study wehave identifiedthe genes required for the production of these acylated amino
258 acids. Using genetics aheyh resolution.C/MS weshow thatglsB(BT_3459gncodes a
259 glycineN-acyltransferase thais required for the production of both GL and flavolipifBin
260 thetaiotaomicron We also present evidence thgisA(BT_3458)a gene found immediately
261 upstream fromglsBon the B. thetaiotaomicorgenome, encodes a@-acyltransferase that
262 is required for the efficient production of GL. Interestingly, the overprodunodfglsAand
263 glsBin E. colresults in the synthesis ainly GLsuggesting the presence of another activity
264 in B. thetaiotaomicrorthat may convertGL to flavolipin

265

266  Flavolipin (i.e. Lipid 654) has been reported to signal to eukaryotic cells thaosugh

267 interaction with TLR226, 32) The diacylatedipid 654has beershown tobe converted
268 into amore potent monoacylated derivative jjid 430(or lyscLipid 654) through the

269 action of phospholipase Agxtivity in the hos(20). N-acyl amino acids are important

270 endogenous signaling molecules produced in the human hosNeagachidonoyl glycine
271 has been shown to block pain perception in m{88-35). Genes encodiny-acyl synthases

272 are enriched in the human gut microbiome and both Lipid 654 and Lipid 430 have been

1C
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found in tissues that are distal from tlgait indicating that these molecules can be
distributed around the human hog20, 35) Therefae, there is accumulating evidence
supporting an important role for the gut microbiota in the production of acylated amino

acids, such as flavolipin, that can acsagaling moleculeis the host.

During periods ophosphatestarvation some bacteria access cellypaosphatereserves by
using acylated amino acids such as OL to replace the phospholipids normally found in
bacterial membrane§36-38). On the other hand, OL production®Rhizobium tropicand
Burholderia cepacihas been shown to be important ftine normaltoleranceof the
bacterial celto acid and temperature stre€43, 39, 40)Our data suggests role for
GL/flavolipin during the response Bt thetaiotaomicra to different stressesindaglsB
deletion mutant was compromised in its abilityadapt to various stresses including
transition from liquid to solid mediaxposure tdbile and exposure to aiinterestingly we
could not construct a deletion iglsAsuggesting that this gene might be essentidBin
thetaiotaomicron However IN-Seq analysi®f B. thetatiotaomicrordid not identifyeither
glsAor glsBas essential gersalthough in the samestudy,both geneswere identified as
beingimportant for normal growthn vitro (Goodman et al (2009)Therefore,it is clear that
glsAandglsBhave anmportant rolein B. thetaiotagnicron Interestingly the orthologues
of glsAandglsBhave been successfully deletedBacteroides fragilisuggesting that the

importanceof glsAandglsBduring growthmight alsobe speciesdependent(41).

In this study weshow thatthe 'glsBmutant inB. thetaiotaomicrons affected in its ability

to colonize the gut of a GF mougedeletion ofboth the glsAandglsBorthologuesin B.

fragilis (namedhlyBandhlyA respectively) waalsoattenuated for virulencen a mouse
abscess modaupporting a role for these genes during in vivo groph). We have shown
that, incontrast to theWT, the 'glsBmutant produces decreased levels of both acetate and
succinate whilst in the cecuindicating that there are differences in the metabolism
between theWTand the ' glsBmutant. Acetate and succinate armportant endproducts

of carbohydratemetabolism inB. thetaiotaomicronAcetate is produced from acet@loA

via the acetate kinase (R&)phosphate acetyltransferase (Pta) pathway resulting in the

generation ofATP.The reduction in acetate production in theglsBmutantis small and

11



304 may not by physiologically important. Succinate production is via phosphoenolpyruvate,
305 oxaloacetate, malate and fumarate and is linked to the production of reducing equivalents
306 (through the regeneration of NAD(P)+) and the formation of a proton motiveforc

307 Fumaate reductase (Frdhatalyzes the production of succinate from fumaratelthis

308 protein complex is locaed to the inner membrane dacteroidesTherefore one possible
309 explanationfor the reduced level obuccinateobserved in the glsB mutawof B.

310 thetaiotaomicronis thatthe activity of Frd is compromisdal the altered membrane

311 compositionof this mutant. Nonethelessthe significantly reduced levels of succinate

312 producedbythe 'glsBmutantwould be expected t@aompromisemetabolic fluxand,

313 therefore, reduce fitness in the guin support of thisboth 'gIsA(BT_3458) andglsB

314 (BT_3459havebeenidentified asmportant determinansfor the colonization of th&sF

315 mouse gut during an HSeq screemwith B. thetaiotaomicror(43). Therefore, we have

316 shown thatglsB and presumably the production of GL and/or flavolipgran imprtant

317 fitnessfactor inBacteroidesrequired for the adaptation to stress and normal colonization
318 of the mammalian gutparticularly in the presence of a compagimicrobiota.

319

320 Materials and Methods

321 Strains, plasmids, primers and growth conditions.

322 BacteroideghetaiotaomicronVPI 5482was cultured anaerobicallyat 37°Cin Brain Hegt
323 Infusion media (SigmasupplementedA]3Z Z u]vmkij, 0.1 (w/v)cysteing and0.2%
324  (w/v) sodium bicarbonateEscherichiacoli EP1300 (Epicentrayas routinely cultured in.B
325 broth at 37°C(Merck). For agar plates5% (w/v) agar was added the liquid mediaWhere
326 appropriate, antibiotics were added to the media at the foliogvconentrations: Ampicillin
327 (Amp),100 .g¢/ml; Chloramphenico{Cm) 12.5 .g¢/ml; Gentamycin(Gm) 50 .g¢/ml or 200
328 .g/ml; Erythromycin(Ery) 25 .g/ml. Plasmids and primers used in this study are shown in
329 Table 3 and 4.

330

331 Construction of gene knodutsin B. thetaiotaomicron

332 Gene deletions were carried out usiBgthetaiotaomicron'tdk, as previously describgd4).
333 Briefly the DNA regions flanking the geteebe deleted were amplified and fused by PCR,
334 cloned into the pEXCHAN@®IK vector and transformed int&. coliS171 , %. T@e donor E.

335 coli) and recipientB. thetaiotaomicroipstrainswere mixed platedonto BHIS agar containing

12
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10% (v/v) horse bloodBHIS blood agar), and incubated, aerobically &C3for 24 h. The
biomass was rsuspended in 5mITYG broth, before plating onto BHIS blood agar
supplemented with Gm and Ery. The plates were incubated anaerobically for 48 RCat 37
before 510 colonieswere restreaked onto BHIS blood agar (Gm, Ery). After 48 h &&,37
single colonies were picked into TYG broth and grown for 20 h without antibiotics before
plating onto BHIS blood agar supplemented with 260nt* 5-Fluore-2'-deoxyuriding(FUdR)

for vector counter selection. The plates were incubated anaerobically for 72 h asteeked

onto BHIS blood + FUdR agar plates. Colony PCR, using primers that were designed outside of
the flanking regions, was used to identify potential knock out mwgahefore confirmation

by sequencing. For complementation experimentsgisB(choA gene, plus 500bp upstream
from the proposed translation start site, was amplified, and cloned intgptdbu2bla-ermGb
insertion vector. The cloned DNA fragment was itexiinto the B. thetaiotaomicron4dk
4ylsBgenome into either of the two Nbufargetted tRNA®|loci, via conjugation frori. coli
S171 ,pir. The resulting complemented straiB, thetaiotaomicron4dk 4ylsB:.glsBwas
selected by plating onto BHIS bloadar supplemented with Gm and Ery, and the presence

of the glsBgene was confirmed by PCR.

Colonization of gerAree C57BL/6NTamice

All experiments involving animals wgperformedat the BiologicaBervices Unit in University
College Cork and were approved by the University College Cork Animal Experimentation
Ethics Committee. For colonization experimesyeek old gerrfree femaleC57BL/6NTac

mice were gavaged witB0 pl of 5x10 cfu mlt of the gpropriate bacterial strain (n=9 fd.
thetaiotaomicronWT, n=8 foB. thetatiotaomicron4ylsBand n=4 for uninoculated control)

The mice were housed as groups 68 I individuallyventilated cages (IV@nd bacterial
enumerations were carried out by serial dilution and plating homogenized fecal pellets
collected from each IVC on Day 2, 6, 9, and 12-gagage. All mice were euthanized on Day
14, the ceca were harvested and cecal contents were collected for furttayss, including

bacterial enumeration.

Analysis of shofthain fatty acids (SCFA)
The level of SCFA in the cecal contents was determined by HPLC using a protocol described

previously(45). Cecal cor@ntswere weighed ande-suspended in sterile Milli@ater (1:10
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368 (w/v)) containingseveral3-4 mmsterile glass beads (Sigma)he amples were vortexed for
369 1 minand lomogenates were centrifuged at 10,00@ for 10 min. The supernatants were
370 fiosS E S E]Jo]s ue]vP andlysed usif§®EQ@E avefractive index detector
371 (Agilent 1200 HPLC system). A REZPX%H, Organic Acid Column 300 x 7.8 mM
372  (Phenomenex, USA) was used with 0.01,8Qas the eluton fluid, at a flow rate 0.6 ml
373 min?. The temperature of the columwas u Jvs§ v § OAE v 11 ..o }( Z * U %o
374 injected for analysisEndproduct peakswere identified by comparison of their retention
375 times with those of pure compounds and concentratiovese determined from standards of
376  known concentrations.

377

378 ldentificationand quantification of glycine lipids

379 Overnight cultures oE. coliwith the appropriate plasmids, d@. thetaiotaomicrorwere

380 inoculated into fresh medium (LB broth with 0.2% (wAgrabinose foiE. colior BHIS broth
381 for B. thetaiotaomicron § v K AiXidAi v o00}A 38} PE}A H66f£ pvs]o
382 At this point 1 ml samples were centrifuged (5 min, 12,0gDand the pellets were re

383 suspended in HPLC grade methanol (Sigindb00 pmol Narachidonyl glycine (NAGly

384 20:4) (Cayman Chemicals, Ann Arbour, MI, W&&)addedas a internal standard. Ryl

385 acetate was added and the mixture was left & 4or 30 min before being centrifuged at
386 2000 xg for 5 min to remove denatured proteins. Thapernatant was collected,

387 evaporated to dryness under nitrogen gas and reconstituted in methanol contaimrg 5
388 ammonium formate (Sigmal).CMSanalyses were performed using a Thermo Exactive

389  Orbitrap mass spectrometer (Thermo Scientific, Hemel Hemp&t&) equipped with a

390 heated electrospray ionization (HESI) probe and coupled to a Thermo Accelaltta%tgh
391 pressure liquid chromatograpfWHPLC) system. Samplesre injected on to a Thermo

392 Hypersil Gold C18 column (2ulu A iii uuU iXd ...adau50%E Mebile phase A
393 consisted of water containing 10 mM ammonium formate and 0.1% (v/v) formic acid.

394 Mobile phase B consisted of 90:10 isopropanol/acetonitrile containing 10 mM ammonium
395 formate and 0.1% (v/v) formic acid. The initial condgidoranalysis were 65%A/35%B and
396 the percentage of mobile phase B was increased from-85% over 4 min, followed by

397 65%100% over 15 min held for 2 min beforeequilibration to the starting conditions over
398 6 min. The flow rate wa400 pl/min. Samples were atysed in negative ion mode over the

399 mass to charge ratio (m/z) range 23000 at a resolution of 100,000hé& signals
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corresponding to the accurate m/z values for-Hiftions of glycine lipid molecular species
were extracted from raw LIS data sets withite mass error set to 5 ppm. Quantification
was achieved by relating the peak area of the glycine lipid species to the peak area of the
NAGIy 20:4 ISTDafidem mass spectrometry (MS/MS) was emplotgedonfirm the

identity of glycinelipid species. Samplagere infused at a rate of 5 pl/min into a Thermo
LTQOrbitrap XL mass spectrometer and subjected to higdreargy collision dissociation
(HCD) in the Orbitrap analyser. Additional®dBalyses were performed through collision
induced dissociation (CID)time ion trap. Collision energies ranged frome&®% and helium

was used as the collision gas.

Reverse Transcription PCR-EXR)
OvernightBacteroidesultures were sub poSp& ]Jvs} (€ «zZ2 ,/* E}SZ 8§} v
Jv po 8 v E}] ooC S i6£f£ pvsS]o §Z poOSpuE - E Z - u]

0.5). At this stage a 5 ml aliquot was removed, centrifuged and the cell pelesspendedn

K
/E %o

RNAprotect (Qiagen). RNA extractions were carried out using High Pure RNA Isolation Kit

~Z} Z +U }JE JvP 8§} u vu( SHUE E[* JveSEN S]}ve Xofyee SZ
expression RNA was reverse transcribed into cDNA u§ugntiTect Revee Transcription
Kit~Y] P veU }E JvP S} u vp( SHE E[* JveSEQM S]}veX dZ]-

<U @

E .

template for PCR usingXfi ...o E § u%o0 § U iXiA ..o }E& o>} W Z u(( &

of the appropriate primers (see Supplementary Tabl®2) mM dNTP mix (Promega), 0.125
..0 d <« E %o }o(Qag€R), and sterile MilliQ lIU lv (]Jlv o Alopu }( A

following PCR conditions were used: 95°C for 5 min (initial denaturation), followed by 35

cycles of 95°C for 30 s, primer specifio@aing temperature for 30 s, and 72°C for template

..0

specific length of time (1 min per 1kbp DNA). This was followed by a final extension of 72°C

for 10 min.

Stress assays

Overnight cultures of the appropriatd3. thetaiotaomicronstrains were adjusted to
@) AiXiA Jv (€ «z2 /I E®}SZ v Jviu 8§ (}JE& 62 S i6E v
ODso A = ipes 3§} K AiXT v Z HMOSUE A ¢ «%0]8 Jvs} i

aliquot was cultured anaerobically, another aliquot was exposed to air and the final aliquot
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was incubated in BHIS broth with 1% (w/v) porcine bile (Sigma). Followturggition for 14h
under the appropriate stress conditions, viable cells were enumerated by serial dilutions and

plating onto BHIS agar.

Statistical analysis

All statistical analysis was performed using GraphPad P8i@ for Macsoftware All
experimens were carried out using biological triplicate samples, unless stated otherwise. The
AS o v Stest 8r MannWhitney test were used to compare two different groups of data, as
indicated. OneA C EKs U A]3Z dptdstC\vas %spedsto compare three amore

groups of data and differences were considered to be significd0if05.
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Figure legends

Figure 1(A) Theprotein encoded by thehoBgenein Bacteroidesulgatushas predicted
homology(30.2% identity over 273 amino acidg}h the N-terminus of OIsFSpro_256%,
carryingthe O-acyltransferase activity required for the biosynthesis of ornithine lipids (OL).
Similarly the choAgeneis predicted to encode a protein with homolo(32.6% identity

over 264amino acidsjo the Gterminus of OlsF;arryingthe N-acyltransferase activity
involved in OL biosynthesi®) Predicted pathway for the padaction of glycine lipid (GL) in
Bacteroidedased on homology with OL productionSerratia proteamaculansn this

schematic theN- and O-acylation involves-®Hpalmitate and palmitate, respectively.

Figure 2ldentification of glycine lipids i&.colioverexpressinghoAandchoB.E. coli

containing pBAD24, pBAihoA pBADBchoBor pBABchoBAwere cultured in the presence

of 0.2% tarabinose until mieexponential phase and extracted lipids were analysed by LC
MS, as described in Materials and Metlsod\ll samples were spiked with 500pmol
arachidonyl (20:4) glycine as an internal standard (Rf=4.98 min, m/z 360.25). (A) The base
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peak intensity (BPI) chromatogram showing the range of lipids present ib. tbali
membrane. All lipid profiles appear t@ l[gualitatively similar, with the exception of pBAD
choAwhich shows increased peaks eluting with Rf of approx. 4 min where +acylated
glycine molecules would be expected to be eluted. (B) Extracted ion chromatograms of
peaks eluting with Rf values ceaponding to moneor di-acylated glycine species (for
clarity only 30H 16:0 (Rf=4.5®in m/z 328.25) and ®H 16:0+16:0 (Rf=10.08n m/z
566.48) are shown. The full list of identified molecules can be found in Table 1). (C) MS/MS
fragmentation of the méecule eluting with Rf=4.56 confirming its identification a3
16:0-glycine. The same peak in both pBélibAand pBAEchoBAgave identical
fragmentation profiles. (D) MBIS fragmentationconfirming theO-acylation of 30H 16:0
resulting in a structure of the m/z 566.48 compound that is consistent with a diacylated
glycine (in this case-®H 16:0+16:0). All acylated glycine moleculetetected are listed in
Table 1.

Figure 3ldentification of glycine lipids iB. thetaiotaomicon. Cells (as indicated) were
cultured in BHIS broth until mielxponential phase and extracted lipids were analysed by LC
MS, as described in Materials and Methods. All samples were spiked with 500pmol
arachidonyl (20:4) glycine as an internal standafé¢4MR®8 min, m/z 360.25). (A) The base
peak intensity (BPI) chromatogram showing the range of lipids present in the membrane of
B. thetaiotaomicronClear qualitative (indicated by arrow) and quantitative differences are
observed between the profiles of WR)IsB v dtsB::glsBtrains (B)Extracted ion
chromatograms of peaks eluting with Rf values corresponding to rmmai-acylated

glycine species. For claritye internal standardarachidonoyl (20:4) glycine; Rf=4-980

min m/z 360.2% and2 ionscorresponding to 3DH 16:0 (Rf=4.5@&in m/z 328.25) andC32:0
(Rf=9.8 minm/z 566.9 are shown The full list of identified molecules can be found in Table
2. (C)Extracted ion chromatograms of peahkuting with Rf values corresponding to

flavolipin (lipid 654)Theinternal standardandthe ioncorresponding taC32:0flavolipin

(Rf=9.2 minm/z 65351) are shown.

Figure 4 Analysis of the expression gisAandglsBin B. thetaiotaomicron(A) RIPCR
transcript analysis of expression from tglsABlocus. B. thetaiotaomicron cells were grown

to mid-exponential phase in BHIS broth and RNA was extracted aneraaskribed into

23



655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686

cDNA (as described in Materials and Methods). Transcript analgs undertaken using
primers combinations that amplify a region specifigteA(A),glsB(B) or the intergenic

region (AB). (B) ExpressiongtéAandglsBunder differentin vitroandin vivogrowth

conditions. Normalized microarray data was extracteom datasets available in the GEO
database (Accession number: GSE2231). Sample preparation and analysis is ded@thed in
28). For thein vitrosamplesB. thgaiotaomicronwas cultured in chemostats using different
media (TYG broth, Minimal MediuMaltose (MMM), Minimal MediumGlucose (MMG)).

At the indicated times cells were harvested, RNA was extracted and expression profiling was
undertaken using custor.thetaiotaomicronGeneChips. The data presented are the mean
of 2 biological replicates and the error bars represent the standard deviation. For tino
experiments, individual gerdfree NRBI mice (n=9) were monoassociated \Bith
thetaiotaomicronandfed a standard chow diet for 10 days. RNA was extracted from the
cecal contents of each mouse and used for expression profiling using the cBstom

thetaiotaomicronGeneChips.

Figure 5The RjlsBmutant is unable to normally transition from solid to liquid growth
media. (AB. thetaiotaomicron~td lglsB v dIsB::glsBwas grown on BHIS agar and
individual colonies (n=10) were inoculated into fresh BHIS broth (&hbdid). The cultures
were incubated at 37°C for 24h and @bwas used to measure growth. Each point
represents an individual culture and the mean-@&andard deviation) is presented
(***P<0.0001 as determined using otveay ANOVA with Tukeys pedstst for multiple
comparisons). (BJells cultured in (A) were used to inoculate fresh BHIS broth and cells
were grown at 37°C and @gwas measured at the indicated time. Each strain was grown
in triplicate and each point is the mean of the replicates and errors bars represent the

standad deviation.

Figure 6.TheglsBgene is required for adaptation to stre$s. thetatiotaomicron~t d lglsB

v dtsB::glsBwas cultured to migexponential phase (Qg=0.2) before (i) inoculation
into BHIS broth followed by anaerobic incubation for 14h (Control); (ii) inoculation into BHIS
broth supplemented with 1% (w/v) porcine bile followed by anaerobic incubation for 14h
(1% bile); (iit) inoculation into BHIS brddilowed by aerobic incubation (with vigorous

shaking) for 14h (Aerotolerance). Viable cell counts were determined using serial dilutions
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693
694
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696
697
698
699
700
701
702
703
704

that were plated onto BHIS agar followed by anaerobic incubation @& The
experiment was repeated 3 times angeterror bars represent the standard deviation
Significance was determined usingrae-way ANOVA with Tukeys peest for multiple

comparisong**P<0.01, **P<0.001, ****P<0.0001)

Figure 7 B. thetatiotaomicrorrequires theglsBgene for normal colonaion of the gut of
mice. Gerrdree C57BL/6 mice were gavaged with a singfecfiDdose oB.
thetaiotaomicrontd ~ v A 6 «gl$@EmuRant (n=8), as indicated. Control mice (n=4) were not
colonized. (A) At the indicated time peghvage fecal pellets were collected and bacteria
were enumerated by plating fecal homogenates on BHIS agar. Bacteria were also
enumerated in the cecum of amhized mice on Day 14 pegavage. Control mice did not
contain any bacteria at this point. Error bars represent the standard deviation of
colonization levels in at least 5 mice (Unpairdgddt *P<0.05, ****P<0.001). (B) The
contents of the cecum from elaacolonized and control mouse was examined for the
presence of acetate and succinate by HPLC analysis. The error bars represerf i 25
percentile valuesrom the median and significance was determined usingMa&n-

Whitney test(*P<0.05, ****P<0.0001)

25



705

706
707

708
709
710
711
712
713

714

Table 1.Glycine lipids ifE. coliexpressingylsBandglsA

Predicted size of acyl group (m/z)

Concentration (pmol/18cells}S.D.

vector pBAD pBADchoBA
choA(glsB /gIsAB

3-OH12:0 nd 35.3t9.0 nd
3-OH14:0 (300.2)* nd 4070.3£220.9 221.3t145.2
3-OH14:1 (298.2)* nd 118.0t13.3 nd
3-OH15:0 (314.2)* nd 52.4:14.4 9.2
3-OH16:0 (328.2)* nd 3954.6:215.3 1584.9843.4
3-OH16:1 (326.2)* nd 6831.%264.0 382.3:267.1
3-OH18:0 (356.1)* nd 7.81.1 37.4t£33.7
3-OH18:1 (354.2)* nd 2539.2:227.5 1697.4:994.2
Total monacylated glycine 17609.5%965.5 | 3923.32283.6
3-OH14:0 + 12:0 (482.4)* nd nd 436.6:228.5
3-OH16:0+12:0/30H14:0+14:0 (510.4)} nd nd 5864.1#2999.9
3-OH16:1+12:0 (508.4)* nd nd 652.0t356.9
3-OH29:0 nd nd 240.5:122.1
3-OH16:0+14:0 (538.4)* nd 16.3t5.7 17407.@x6125.0
3-OH16:1+14:0/30H16:0+14:1 (536.4)% nd nd 5154.6:2257.9
3-OH30:2 nd nd 452.0:238.0
3-OH16:0+15:0 (552.4)* nd nd 458.8:228.3
3-OH31:1 nd nd 152.3t47.%
3-OH16:0+16:0 (566.4)* nd 44.510.8 3901.3141.9
3-OH16:0+16:1/30H18:1+14:0 (564.4) nd 39.4t14.6 10673.&3157.3
3-OH16:1+16:1 (562.4)* nd nd 1322.x429.6
3-OH33:1 nd nd 131.4t74.3
3-OH16:0+18:1/30H18:1+16:0 (592.5)% nd 27.7+15.2 1540.3:23.7
3-OH18:1+16:1 (590.4)* nd nd 1275.5%218.8
3-OH36:2 nd nd 179.5:43.9
Total dacylated glycine 127.9:46.3 49841.416693.3
Total acylated pool 17737.4 53765.0

# not detected in all biological replicates

*. acylated glycineonfirmed by MS/MS fragmentatiocyl group designatias indicative,
based on the predicted number of carbons in the lipid species.
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716

717 Table 2 Glycine lipids iB. thetaiotaomicron

718
Predicted size of acyl group (m/z) Concentration (pmol/18cells)+S.D.

WT RIsB| RIsB::glsB

3-OH15:0/3-OHmethyl 14:0(314.2)* 67.9t23.8 nd 64.6:16.9
3-OH16:0/3-OHmethyl 15:0 (328.2)* 252.1+36.3 nd 137.2£98.1
3-OH17:0/3-OHmethyl 16:0 (342.2)* 429.971.6 nd 223.0£157.0
Total monoacylated glycine 749.%131.7 0 424.8:272
3-OHmethyl 15:0+13:0/30Hmethyl 14:0+14:0 (524.4)* 223.2t25.5 nd 169.4+30.9
3-OHmethyl 15:0+14:0/30Hmethyl 14:0+15:0 (538.4)1 792.181.2 nd 635.4:92.0
3-OHmethyl 15:0+15:0/30Hmethyl 16:0+14:0 (552.4)1 2000.3139.3| nd | 1372.:181.3
3-OHmethyl 16:0+15:0/30Hmethyl 15:0+16:q566.4)* | 2602.6:6118.9| nd | 1768.:259.6
Total dacylated glycine 5618.2364.9) O 3944.8:563.8
Total acylated pool 6368.1 0 4369.6

719
720
721
722
723
724

725

nd: not detected
# only detected in 2 (out of 3) biological replicates

“: acylated glycineonfirmed by MS¥IS fragmentationAcyl group designation is indicative,
based on the predicted number of carbons in the lipid species.
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Table 3. Strains and plasmids used in this study

EPI300

L61 o«4Dido yo60 @ndAl
araD1394ara, ley7697galUgalK ,-
rpsL(StrRNupG trfAdhfr

Strains
Name Characteristics Source
Escherichia coli F mcrA 4mrr-hsdRMSncrBQ Epicentre

B. thetaiotaomicron

VPI 5482 withadk deletion; GnR
FUdR

Eric Martens, University @
Michigan

AmR

B. thetaiotaomicron| Derivative of4 § dtrain withglsB This study
4Poe deletion;Gnf, FUdR
B. thetaiotaomicron| 4 P ostrain with complementinglsB | This study
4Po* WWPo-+|+500bp upstream sequence; Bm
Ern
Plasmid
Name Characteristics Source
pBAD24 Arabinose inducible expression vect( (46)
AmpR
pBAD24choA Arabinose inducible expressia@ctor, | This study
Am@R
pBAD24choB Arabinose inducible expression vect¢ This study
AmpR
pBAD24choBA Arabinose inducible expression vectq This study
AmpR
PEXCHANGE § | | Carrying cloneddk, Amg, Ern® (44)
PEXCHANGE § | | Carrying cloneddk, Amg, Ernf This study
4Po-
pNbu2bla-ermGb | inserts into NBU2 attl and/or att2 (44)
sites, Ermi, Amg?
pNbuzbla-ermGb | chromosomal insertion vector; inserty This study
pglsB into NBU2 attl and/or att2 sites, ERn
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739

Table 4Primers used in this stud

Primer N e v =T Use in study
RTfwB300thet | ATACTTCGGACGAAAGCTCC RTPCR foglsAfragment
from B. thetaiotaomicron
RTrvB300thet | CTTTACTTTCCCGTCATAATGG RTFPCR foglsAfragment
from B. thetaiotaomicron
RTfwA300thet | AAGAAATATTAGGTGGTTACCG RTFPCR foglsBfragment
from B. thetaiotaomicron
RTrvA300thet | GATAGCTGGGATACATAGTC RFPCR foglsBfragment
from B. thetaiotaomicron
FwBAG630thet | TTCCCAAGATGGTGGAAGCC RTPCR foglsABfragment
from B. thetaiotaomicron
RvBAG630thet | TATTCGTCGATATCCATCGAC RTPCR foglsABfragment
from B. thetaiotaomicron
FwchoAFLANK] CTGCTGGGATCCTCATCAGGACGAGAT, glsBdeletion fromB.
thetaiotaomicron
RvchoAFLANK1 GCACTCGATCTTTACCGGAAAATTACAT glsBdeletion fromB.
TGTTATAGTGTTCTATC thetaiotaomicron
FwchoAFLANKZ GATAGAACACTATAACAAGAATATGTAA glsBdeletion fromB.
CGGTAAAGATCGAGTGC thetaiotaomicron
RvCchoAFLANKZ CTGCTGTCTAGATACCCCTTTTCATCGA glsBdeletion fromB.
thetaiotaomicron
FwchoAKOchec) GGTTTCTTATCTGAAGAAAATAG CheckingylsBdeletionin B.
thetaiotaomicron
RvchoAKOchec| TCAACGCTTGCCTCCATCG CheckingylsBdeletionin B.

thetaiotaomicron
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