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ABSTRACT OF THE DISSERTATION

Evolution of the Energy-Coupling Factor (ECF) Tramders and Comparative
Riboswitch Analysis

by

Eric I-Chung Sun
Doctor of Philosophy in Biology
University of California, San Diego, 2012

Professor Milton Saier, Chair

Energy-coupling factor (ECF) porters catalyze uptak vitamins and trace
minerals with high affinity. They consist of twoembrane constituents called S
(substrate recognition) and T (energy transducswunits as well as one or two
energizing ATPase(s), the A subunit(s). The S silba thought to recognize the
substrate while the T subunit interacts with thePA$e. We here show that each of
these three subunits is monophyletic, that the & Tasubunits are homologous but
distantly related to each other, and that theserstdare homologous to the integral
membrane subunits of conventional ATP-binding das$ABC) porters. ECF porters
therefore comprise an offshoot (a “sub-superfamiof’'the ABC superfamily in spite
of some distinctive features. We propose a pathlaayhich all of these transport

systems may have evolved. An intragenic duplicetiba genetic element encoding a

Xii



3 transmembrane segment (TMS) peptide gave rise¢ TS proteins, and these

sometimes lost the C-terminal TMS to give 5 TMSteims. The transmembrane

subunits of the ECF porters are also homologousttain secondary carriers, and we
provide preliminary evidence that the S subuniadhiamine porter can function by

itself (secondary active transport) or when comgtexvith both T and A subunits

(primary active transport). Phylogenetic analystthe three ECF subunits revealed
that extensive shuffling of these constituents aetliover evolutionary time although

the T and A subunits, when encoded separately filoenS subunits, frequently

coevolved. Additionally, our genomic analyses ggilboswitch regulatory sequences
regulating expression of ECF transporter genes iges1to reveal potential substrates
of these diverse transporters.

In the second part of this dissertation, | analyzéé distribution of
riboswitches and used the results for comparatigrome analysis. Riboswitch
analysis offers a unique advantage in that thetsatbsbinding (aptamer) domain of a
riboswitch are highly conserved, allowing more aate functional predictions. With
the rapid accumulation of complete prokaryotic geas and experimental validation
of riboswitch sequences, such phylogenetic/funeli@malyses allow more extensive
annotation of previously uncharacterized genescangparison of metabolic pathways
between different organisms. Our study is focusadthe discovery of candidate
riboswitches in fully sequenced bacterial genomed eegulon reconstruction of
riboswitch-regulated genes, which are collected andnually curated using a
RegPredict web-based tool. From these annotatiensan thoroughly analyze the
conservation of orthologous metabolic pathway deddistribution of different types
of riboswitches and establish their probable evohary pathways in the Domain
Bacteria. My results indicated that some riboshe; especially those that

correspond to coenzymes TPP and cobalamin, aresprieled and possibly originated
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very early. However, many more riboswitches in analyses are restricted to just a
single Order/Family of bacteria and likely repredsenore recent evolutionary

innovations.
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For the past several years, our laboratory hagdedimethods and software to
identify increasingly distant phylogenetic relaships between membrane transport
proteins (Chang et al., 2004; Lee et al., 2007; $dan et al., 2007; Tamang & Saier,
2006; Debut et al., 2006; Prakash et al., 2003;rtvet al., 2003; Zhai & Saier, 2002;
Reddy et al., 2012). Our studies and those of nuihgr laboratories have revealed
that common ancestry often implies common structanechanism and function, with
degrees of structural and functional divergenceetating with degrees of sequence
divergence. Out of more than eighty thousand siras reported in the Protein Data
Bank (PDB, see http://www.pdb.org/), membrane pnoséructures comprise less than
three percent. Given the difficulty of membraneotpin crystallization, the
identification of superfamily relationships is exnely important for structural and
functional prediction and the establishment ofelielutionary pathways taken for the
appearance of transmembrane proteins.

Energy-coupling Factor (ECF) transporters are qaldrly well suited for
phylogenetic and structural analyses given thgjhldegrees of sequence divergence.
They were originally identified as a group of no#ginsmembrane substrate binding
proteins by Henderson et al. (1979). These tratesohad been included in the ABC
superfamily in the Transporter Classification Datsdy (TCDB, www.tcdb.org) due to
apparent sequence similarity among these systamsjulantitative sequence analyses
have not been conducted. Recent genomic analygsesuncovered additional ECF
transporters in multiple archaeal and bacteriabgess (Rodionov et al., 2006, 2009;
Hebbeln et al., 2007), and these studies greatpjark our knowledge of their

distribution, functions, and potential modes ofrgiyecoupling.



Like ECF systems, ABC uptake systems exhibit twansmembrane
components and two cytoplasmic ATPases. The ATPas&CF transporters are
clearly homologous to those of all ABC systemsl|erting potential phylogenetic
relationships between these two groups of tranemort However, members of the
ECF porters are distinguishable by the absencelobke periplasmic binding proteins
and by the presence of two highly divergent tramabrane subunits that may serve
distinct roles in transport (Hebbeln et al., 208@ubauer et al., 2009; Rodionov et al.,
2006, 2009; Eitinger et al.,, 2011). It has beereshdhat the sequence similarity
among S subunits of the ECF systems is fairly ldvemvcompared to the moderately
well conserved T subunits, but little is known abthe origin of the S subunits and
their evolutionary histories. Within “traditionalABC uptake porters such as the
maltose uptake porter &. coli, both subunits are believed to have overlapping bu
quantitatively divergent functions (Oldham et @&007), and the ECF systems could
be evolutionarily related to the ABC systems.

ECF transporters may be capable of functioning pedeently of ATP
hydrolysis. Many organisms possess only the Sratdb(especially well documented
for biotin transporters) but not the other ECF comgnts (Rodionov et al., 2009)n
vivo expression systems for some of these ECF homatogoeicate possible
secondary active transport mechanisms when the fBinguis expressed alone,
although the physiological relevance is uncleardiBRioov et al., 2006; Hebbeln et al.,
2007; Finkenwirth et al., 2010; see also this stuelyarding thiamine uptake by a
Thiw homologue fromMycobacterium smegmatis str. MC2 155). With the existence

of other transport systems that potentially possedaal mode of energy coupliing



vivo (Kuroda et al., 1997; Hvorup et al.,, 2003), theoletton of transporters,
especially with regards to the development of epemypling mechanisms, appears to
be more circuitous than was originally thought.

In this dissertation, | identify four previouslycegnized families of primary
and secondary active transport systems in whiclpénemease constituents prove to be
members of different families: BioY (TC#3.A.1.25.1see the Transporter
Classification Database [TCDB]; www.tcdb.org), Thi\WC#3.A.1.26.1), YhaG
(TC#2.A.88.4.1), and YjbB (TC#2.A.58.2.1). Thegstems are responsible for the
uptake of biotin, thiamine, tryptophan, and phosphiespectively, with the latter two
transporters functionally assigned as secondariyeac¢tansporters (Sarsero et al.,
2000; Kohler et al., 2001; Lebens et al., 2002; &wat al., 2000; Miyamoto et al.,
2007; Tenenhouse, 2005). Clues concerning theugonhry relationships between
members of the divergent ECF family can be gleahealgh the use of topological
and sequence analyses. In addition, my study ssesethe similarities and
differences between the S and the T subunits, thastional distinctions, and their
evolutionary relationships with ABC porters.

Based on earlier genome context analyses (Rodiehal,, 2009), | elaborate
on the consequences of genomic arrangement of @fe fBmily on its evolution.
Specifically, several ECF transporters within thene organism may share a common
energizing AAT module (ter Beek et al., 2011), agarty not uncommon among
members of the ABC superfamily. Such systems Hmeen categorized as type-ll
ECF porters, whereas others that have dedicatagirzimg modules (as indicated by

genome context analyses) were grouped into typ€¥ porters (Rodionov et al.,



2009). In addition to establishing the evolutignpathways of ECF porters, such
genomic organization may offer clues regarding dpamter regulation on the
transcriptional level and potential for secondargrgization in isolated S subunits.

As ECF transporters participate in the uptake afiyrmaetabolically important
micronutrients and are indispensable for the growth many pathogenic
microorganisms that lack correspondategnovo synthetic pathways, the study of ECF
transporters may allow additional strategies far ttreatment of diseases associated
with these organisms. In the final part of the BGisporter analyses, | propose to
search for novel ECF transporters and their pakrgubstrates using operonic
riboswitch elements as a guide.

As an extension of my work with ECF transport systel analyzed riboswitch
sequence across fully sequenced microbial genorR#soswitches are genetic
elements found mostly in bacteria and frequentbide at the 5° UTR of mRNAs.
Riboswitches achieve gene regulation by possessingalternative structural states
and are likened to an “on/off” switch (Nudler & Mmov, 2004). Direct binding of
substrate to the aptamer domain and altering obrekry/tertiary structures in the
expression platform (which overlaps with antiterators and/or anti-Shine-Dalgarno
sequences) confer gene regulation, usually by way$ranscription termination,
inhibition of translation initiation, and/or attesmion of mMRNA stability (Nudler &
Mironov, 2004; Breaker, 2012). Additionally, theaee also riboswitches that behave
like ribozymes and self-cleave when a specific oontion is achieved, and many
eukaryotic riboswitches that situate in the intregions have been found to influence

splicing patterns of mMRNAs (Bastet et al., 2011ledker, 2012). As there is usually



no requirement for a protein factor to mediate #abs recognition, it has been
proposed that riboswitch elements represent anstmat@ene regulatory mechanism
that had arisen prior to the rise of protein/peggi@Vitreschak et al., 2004; Garst et al.,
2011; Breaker, 2012). Their proposed ancient origialso evident in that many of
the substrates they recognize have central roleslinlar metabolism across different
organisms (Nudler & Mironov, 2004; Breaker, 2012)heir proposed ancient origin
may have contributed to the wide distribution aidtionally similar riboswitches that
recognize the same ligand. As an example, there bhaen seven riboswitch classes
with four distinct binding pockets that are specifor the S-Adenosyl methionine
(SAM) coenzyme although it is not clear whether rhema share common ancestries
(Breaker, 2012). This variation demonstrates gfedbility inherent in an RNA
molecule for recognition of small ligands throudte tuse of only four nucleotides.
However, this inherent flexibility does make thealysis of riboswitch difficult,
especially considering the small sizes of many ledsé cis-regulatory elements.
Nonetheless, efforts have been made both in bioirdtc andin vitro analyses to
confirm the diversity and distribution of riboswitsequences.

As riboswitches specific to a particular ligand dmghly conserved, many
riboswitch-regulated genes with previously unkndwnctions or ligand specificities
can be reliably annotated from environmental samgpli Previous environmental
metagenomic efforts from three diverse environnlemsaurces (Sargasso Sea,
Minnesota soil, and whale falls) revealed a highralance of TPP, cobalamin, and
glycine riboswitches, followed by SAM, FMN, ykkC-k®, and yybP-ykoY

riboswitches. On the opposite end of the spectiysine, purine, gimS, and ykoK



riboswitches were rare in their taxonomic distribnt(Kazanov et al., 2007). The
study had established relative abundances of riibds®#s in alpha/beta/gamma-
proteobacteria, Firmicutes, and Bacteroidetes/@bior(Kazanov et al., 2007).
Although environmental sequencing can give us chlesit the relative abundance of
known riboswitches as well as discovering novelapué riboswitches, it is only
through careful integration of complete genomeshwiboswitch analyses that a
meaningful picture of metabolic networks and thmiobable evolutionary pathways
will emerge. Additionally, environmental metagenosn has inherent bias in
estimating the relative abundances of riboswit@wess different samples due to bias
in the types of organisms that are typically foumd a certain locale; this is
demonstrated by the abundance of glycine ribosesatletected from the Sargasso
Sea due to the abundanceCaihdidatus Pelagibacter ubique (Giovannoni et al., 1990;
Rappé & Giovannoni, 2003; Kazanov et al., 2007).

Many of these widespread riboswitches have also km®alyzed in fully
sequenced genomes as a part of the overall regulattwork analysis in previous
publications (Rodionov et al., 2002a; Rodionov let 2003a/b), and they provide a
better regulatory and evolutionary profile for mdiual riboswitch classes, which are
usually difficult to accomplish through purely mgémomic efforts. For instance, for
TPP riboswitches gene encoding a biosynthetic eezyimiC) that is part of the
hydroxymethylpyrimidine (HMP) pathway is closelysasiated with the riboswitch in
bacteria as are many genes in the parallel hydtbhylghiazole (HET) pathway (for
instance ThiOSG); the pervasiveness of such ridobwadontrolled biosynthetic

regulons highly suggests its origin with TPP ribashes, which can then duplicate



and transfer to various transporter genes (Rodioebwal., 2002a). Cobalamin
riboswitches primarily regulate enzymes responsiblethe synthesis of the corrin
ring from uroporphyrinogen-lll as well as its suggent modification into
adenosylcobalamin. Both aerobic and anaerobicwzgttenzymes are regulated by
the riboswitch. In addition, a large number of Wmoor predicted cobalt transporters,
which are widespread in both bacteria and archae#el as B12-dependent enzymes,
were found to be regulated by cobalamin riboswgcdfitodionov et al., 2003a). FMN
riboswitches are closely associated wiilbDE(B/A)H operons in Gram-positive
bacteria and eitheribB or ribH2 genes in other bacterial taxa (especially in
proteobacteria) and may have their origins thefidhe same study also pointed to
differences in the expression platform between tiBoswitch orthologues that can
lead to two distinct modes of regulation (Vitredchet al., 2002). For lysine
riboswitches, both the biosynthetic genelysE, lysA, and dapA) and the
putative/known transportersyvéH, lysw, lysP and lysXY) genes are frequently
regulated by the riboswitch in firmicutes wherégsC andlysW are found in other
bacterial groups, particularly in gamma-proteoba@téRodionov et al., 2003b). The
assignment of gene function through positional telusand regulatory sequence
analyses is especially applicable to T-box regwatsystems, which are found
primarily in various Gram-positive bacteria, as ithsubstrate specificities are
determined solely from their anti-anticodons; therviasiveness of the T-boxes in
Gram-positive organisms suggests their evolutiomaiyin in those taxa (Vitreschak

et al., 2008). The comprehensive analysis of ultot distribution and regulon



analysis might offer a glimpse into the putativeesiral RNA world and the evolution
of gene regulatory mechanisms.

In this section of the dissertation, | propose rioorporate operon analysis
coupled with riboswitch detection to elucidate thleylogeny of many annotated
riboswitches. | combine inference of riboswitclgsences using positional weight
matrices constructed from the Rfam database andoopanalyses in completely
sequenced bacterial genome to carry out evoluyormaediction of regulatory
networks for different riboswitch functional classe We separate diverse types of
riboswitches roughly into six groups based on ypes$ of ligands they bind and the
cellular processes they regulate.

In group one, | include all the riboswitches thetagnize coenzymes. This
group of riboswitches is the most widely distritditend includes TPP, cobalamin,
SAM, SAM alpha, SAH riboswitch, SAM-IV, SAM-SAH, SKI box, SAM-
Chlorobi, FMN, MOCO_RNA_motif glycine, and THF ribaitches (SAM_alpha,
SAH_riboswitch, SAM-IV, SAM-SAH, SMK box, SAM-Chlabi likely have varying
degree of affinity for SAM coenzyme). In group twloinclude riboswitches that
recognize amino acids or uncharged tRNAs, includafigT-boxes specific for 19
amino acids. Riboswitches that bind directly toirmmacids include lysine, glycine,
andglnA riboswitches. In addition, | also include regaltgtsequences (attenuators)
that kinetically regulate expression by directlgeding regulatory sequences enriched
in the codons for the corresponding amino acidy tegulate; these are His-, Leu-,

Thr-, and Trp-leaders.
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In group three, | include riboswitches that resptmdbosomal subunits (S15,
L10 leader, L13 leader, L19 leader, L20 leader, l#2H leader). In group four, I
include riboswitches that bind to nucleotide detixes; these includ@yrR, purine,
GEMM_RNA _motif, preQl and preQl-ll. In the case iR, the regulatory
sequence binds to a PyrR regulatory protein; howeths riboswitch sequence is
highly structured and contains part of an anti-ieator sequence. As a result, the
pyrR regulator likely carries out regulation via a magism similar to that of a
traditional riboswitch. In group five, we includetdoswitches that recognize ions
(Mg_sensor and ykoK) and sugar (gimS).

In the final group, | include riboswitches with urdwn effectors or metabolic
roles; these riboswitches includékC-yxkD, mini-ykkC, ydaO-yuaA, serC, speF,
sucA, ybhL, ylbH and yybP-ykoY. Some of these putative riboswitches tend to be
small in sizes, and many were originally discovatedugh bioinformatic analyses. |
hope to shed light on these putative riboswitchresthe genes they regulate in order
to provide guidelines for future experiments.

The integration of riboswitch prediction with comave genome analysis
will provide a complementary approach to existingtimods that relies on the analysis

of riboswitch sequences in partial genomes.
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Bioinformatic procedurefor establishing distant protein homolgoues

To search for homologues of proteins in questi@gusnces (TC#3.A.1.25.1
for BioY; TC#3.A.1.26.1 for ThiW; TC#2.A.88.4.1 fofhaG, and TC#2.A.58.2.1 for
YjbB) were used as query sequences in Positionifspdterated Basic Local
Alignment Search Tool (PSI-BLAST) searches with onéwo iterations and a cutoff
value of & (Altschul et al., 1997). To facilitate analyse#, sequences with greater
than 80% identity were eliminated using a modif@d-HIT program (Li & Godzik,
2006; Yen et al., 2009). The remaining sequenca® wligned using the ClustalX
program with default parameters (Thompson et &97). The sequences in the
resultant multiple alignments were compared to BhAST hits obtained when a
member of another family was used as the queryeseguusing the IC program,
which looks for homologues with similar sequencdgamed with both BLAST
searches (Zhai & Saier, 2002). Comparison scarethé best binary alignments were
then further analyzed using the GAP program (Deveset al., 1984), which reveals
the precise location of the alignment. Comparsoores 010 SD, corresponding to
a probability of 13 that the observed degree of similarity arose bgnch in a
continuous alignment of 60 or more amino acyl resgl (Dayhoff et al., 1983), is
considered to be sufficient to establish homologlythe two proteins (Saier, 1994;
Yen et al., 2009).

Several programs used to approximate the locatiohsransmembrane
segments (TMSs) were the HMMTOP (Tushady & Simo@130TMHMM (Krogh et
al. 2001), PredictProtein (Rost et al., 2003), SO8dlrokawa et al., 1998), and

TMpred (Hofmann & Stoffel, 1993) algorithms. Hyg@aihy, amphipathicity and
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topology predictions for individual proteins wereade using a modified WHAT
program (Zhai & Saier, 200l1a; Yen et al., 2009),ilevhaverage hydropathy,
amphipathicity and similarity plots for a multipgligned group of homologues were
generated using a modified AveHAS program (Zhaia8ef 2001b; Yen et al., 2009).
The ClustalX and the SuperfamilyTree (SFT) programere used to
independently generate phylogenetic trees. Thierlgirogram uses large scale
comparisons between transporters of different §pgiEs using tens of thousands of
bit scores from BLAST searches to generate phylegetrees (Zhai et al., 2002; Yen
et al., 2009, 2010; Chen et al., 2011). The MEMEesmotif analysis program was

used to detect subunit-specific motifs (Bailey &&i, 1994).

Strain construction

A thiamine synthesis/transport-null strain Bf coli (AthiH/AthiBPQ, herein
referred to as the double knock-out [DK] strain)swaonstructed from BW25113
(laclg rrnBT14 AlacZWJ16 hsdR514 AaraBADanss ArhaBAD,p7g) using PCR
recombination as described by Datsenko and Wa20€0). As a positive control for
thiamine transport, another strain unable to sysitteethiamingAthiH, herein referred
to as the single knock-out [SK] strain) was congted from BW25113A. A Thiw
homologue (gi#118469060, which encodes 5-SAA’-F @& thiamine transport
complex and gi#118472300, which encodes the T sulminthis complex) from
Mycobacterium smegmatis str. MC2 155 were inserted into the pZE12 vector in
various combinations (SAA'T denotes insertion oflb®@RFs; S denotes insertion of

shortened gi#118469060 with both ATPase domain®verd and SAA’ or T alone
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indicates expression of either ORF in isolationhg€coRI| and Xbal restriction sites
before being transformed into the thiamine syn#igsinsport-null strain using the
standard heat-shock transformation protocol. Foegative control, an empty pZE12
vector was transformed into the same strain. Tlanms were propagated in LB
medium and were stored in 40% glycerol at 480 prior to growth and uptake

analyses.

In vivo uptake analyses
20ul frozen stock of transformants was inoculatatb iSml M9 minimal

medium with 0.2% glucose + 1Q@/ml ampicillin and grown for 14-16 hours at
3701C in a shaker at 250 rpm to eliminate residualntinie. Before the experiment,
the ODyyp values of the starter cultures were measuredegndl numbers of Colony
Forming Units (CFU, with 1 ORy = 5x1F¢ CFU/ml) was inoculated into growth
medium. This medium was the same as the minimaliume used for the overnight
culture except for the addition of 1 IPTG and a filter-sterilized thiamine solution.
For each experimental condition, every 5 ml of indtmedium was inoculated with
5x1¢ CFU and incubated at 83T with shaking. The Oy measurements were then

taken at regular intervals.

Discovery of novel ECF transporters and comparative genome analyses using
riboswitch elements
A covariance model that combines both probabilistiodels of RNA

secondary structure and sequence consensus (Eddyri8in, 1994) was used for
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riboswitch discovery in complete bacterial genome$he complete list of 255

microbial genomes can be found in table 1, andndludes 68 Firmicutes, 17

Actinobacteria, 113 proteobacteria, 14 cyanobamteand 43 miscellaneous phyla.
The covariance models of riboswitches were takemmfrthe Rfam database

(http://rfam.sanger.ac.uk/) (Griffiths-Jones et 2D03), and models were constructed
for 42 orthologous riboswitches plus 19 T-boxe$ie Bcanning of genomes was done
using Infernal (Nawrocki et al.,, 2009). The ob&ncandidate regulatory elements
were loaded into the RegPredict platform (Novichlaival., 2010) for subsequent
manual curation and analysis (http://regpredicgtibl/regpredict/). Genes obtained
from riboswitch regulons were used as queries IoABT searches against existing

entries of ECF transporters in TCDB.
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Sequence similarity of the S subunits of four transporter families

An initial BLAST search using the S subunit of tRaizobium etli biotin
transporter (BioY; TC#3.A.1.25.1) as the query ssupe revealed similarities to the S
domains or subunits of putative thiamin transpsr{@hiW; TC#3.A.1.26.1). The IC
program yielded a comparison score of 11.8 SD iagion of ~65 aas (table 2 and
figure 1A), sufficient to establish homology. Amsiar score was obtained for the
comparison between ThiW and the tryptophan transpdiyhaG; TC#2.A.88.4.1)
(table 2 and figure 1B). Comparisons of a badten@mber of the phosphate/sodium
symporter family (YjbB; TC#2.A.58.2.1) with Thiw dnYhaG gave slightly lower
but comparable scores (table 2 and figures 1C &)d The comparison scores for the
remaining alignments showed lower degrees of siitylaeeven after refinement,
although they were still highly suggestive of hoagy (BioY against YhaG and
YjbB; see table 2 and figures 1E and 1F). The aleelatedness was also apparent
from average hydropathy plots generated for thesgeins, in which peaks of
hydrophobicity showed similar numbers and spatistridutions (figures 2A, 2B and
3A), with the exception that YjbB appears to comtbour or five additional TMSs
(figure 2C). As shown here, this is due to anagénic duplication event that gave
rise to two full repeat sequences (see the seettitied “Duplication of the permease
domain within the secondary transporter, YjbB”). urOresults indicate a high
likelihood that all four families with diverse sukmes and modes of energization

belong to a single superfamily.
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Internal duplications within the integral membrane subunits of the ECF sub-
superfamily

As shown in our alignment results and AveHAS pilog 5 TMSs of BioY, the
S subunit of the biotin transporter, may have arigeough an intragenic duplication
event since TMSs 1 and 2 are similar in sequenceéMi8s 4 and 5 (figures 3A and
4A), although the alignment score (8.3 SD) is ifisight to establish homology.
However, analysis of other type-I1 ECF transporterth 5 putative TMSs clearly
established this pattern of duplication. A scordb0 SD for CbhiM (figures 4B and
3B) was obtained when the corresponding TMSs wengpared. Analyses of the two
halves of the S subunits of other type-l ECF trangps revealed scores that were
consistent with homology (figures 3C and 4C). Thilme S subunits of the ECF
transporter arose by intragenic duplication of B\M8S precursor with loss of a TMS at
the C-terminus to give the prevalent 5 TMS homoésgyult should be noted that many
of the ECF transporters possessing 5 TMSs as peddlry AveHAS may actually
contain six TMSs, with a short segment of the sdcdNS in the classi@-helical
arrangement immediately upstream of the third TE$otm one TMS (Zhang et al.,
2010; Erkens et al., 2011).

Using these same methods, intragenic duplicatiattsrnthe T subunits could
not be detected. However, since the S and T stsdare homologous (see the section
entitled “Homology between the S and T subunitshef ECF sub-superfamily”), it
follows that, based on the Superfamily Principleoglittle, 1981; Saier, 1994), the
two halves of both the S and T subunits must haveera through intragenic

duplication. Thus, both the S and T subunits hadimordial 3-TMS precursor, a
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pattern that is shared with the ABC2 export trantgpe (Wang et al., 2009). This
conclusion has been confirmed independently (Zhestgal.,, manuscript in

preparation).

Duplication of the permease domain within the secondary transporter, YjbB

With YjbB being almost twice as large as most S blmgues included in our
study, we sought to explore the origin of the exiMSs in the PNaS family. We
found that an internal duplication gave rise totthe halves of YjbB; the comparison
score obtained between these two halves was 14,60M8D putative TMSs 1 to 3
aligning with putative TMSs 5 to 7 (figures 2C aByl Additional evidence for
duplication came from comparison of the 5 and 6 TM&ubunits of ECF transporters
with YjbB. Both putative permease domains of YjwBre shown to share significant
sequence similarity with S subunits of ECF trantger (figures 1B, 1C and 1E).
Thus, the YjbB transporter family and its homologmeay function as the equivalent
of the dimeric complexes of the permease domairssibunits in ECF porters. These
results are in agreement with those obtained bynghet al. (manuscript in

preparation).

Homology between the Sand T subunits of the ECF sub-superfamily

Since only type-lI ECF transporters, with dedicaéeergizing modules, have
all three transporter subunits (S, T and A) encodatthin single operons, they
probably function together (Overbeek et al., 20B5dionov et al., 2009). These

systems were used for sequence comparisons betiwee® and T subunits of ECF
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homologues. The best comparison score (11.9 Sib@smonded to the alignment for
the S (CbiM) and T (CbhiQ) subunit homologues of abait transporter
(TC#3.A.1.18.1). This value is sufficient to edtsio homology (figures 6A and 7A).
Nickel transporters (NikM and NikQ for the S andstlibunits, respectively) gave
lower scores (9.9 SD) but still showed significaatjuence similarity (figures 6B and
7B). A comparable score (9.4 SD) was obtainedtlierR. capsulatus transporter
(BioY [S] and BioN [T]; data not shown). Using thMEME suite motif analysis
program (Bailey & Elkan, 1994), the presence of B#A motif that is involved in
ATPase binding to many ABC transporters was onlyaagnt in the last halves of the
T subunits, occurring just prior to the secondast ITMS (see also Neubauer et al.,
2009). Its presence was not detected in the Snsishbwhich agrees with results from
the Rodionov group and others (Rodionov et al. 2@ Beek et al., 2011; Zhang et
al., 2010). In summary, these analyses revealmanmm origin for the S and T

subunits.

Genomic distributions of biotin and thiamin transporter components

Genomic clustering patterns and organismal distiobg of biotin and thiamin
ECF transporter components were next examined ifiul@ sequenced microbial
genomes. Of these genomes, ECF homologues weesveldsin 27 Gram-positive
bacteria, 11 Gram-negative bacteriaCHlamydia species, Ireponema speciesand
12 archaea. Gene clustering, particularly wherhiwitan operon, often indicates
participation within the same biological pathwaycetlular structure. Genome wide

analyses revealed a large degree of genomic diugtir all three components of the
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Thiw homologues (42 clusters observed), with clusgeof the A and T subunits
being the second most common (37 clusters; seest&8l, 3B and figure 8). In some
organisms, including actinobacteria and an archaeor three-domain SAA’ fusion
proteins were detected. Our results imply a depeoyl of most of the Thiw S
subunits on an energizing module for transport. cdntrast, many A/T clusters of
Thiw homologues may serve as energizing modulesh®IS subunits of other ECF
homologues in the same organisms (ter Beek e@l]l). It is possible that the
isolated ATPases (14 cases described for Thiw hoguels) may also function in
capacities unrelated to transport (Castillo & S&2€x10).

Our analyses identified S and T clusters that assing the ATPases in both
Lactococcus lactis subsp. cremoris SK11 arthloarcula marismortui ATCC 43049.
For L. lactis, it is likely that the three S subunits can fuoctias secondary
transporters, share energizing modules with otl&fF Eystems, or function via both
mechanisms. Faf. marismortui, the A subunit gene downstream of the T subunit
(gi#55378961) gene is absent from NCBI annotatlmwever, my BLAST analysis
on the intergenic region downstream of the T subrevealed an encoded single A
subunit.

For analysis of biotin transport clusters that a@ppd to contain S and A
subunits but not a T subunit, a hypothetical 5 TM&ein (gi#11498771) was found
to be encoded downstream of the S subunit (gi#128®8and a duplicated ATPase
subunit (gi#11498770) in thArchaeoglobus fulgidus DSM 4304 genome. BLAST
results showed that it is homologous to the T siibuwf ECF transporters (data not

shown). In theMethanospirillum hungatei JF-1 genomea 5 TMS protein-encoding
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gene with remote similarity to the T subunit is ethed by a hypothetical protein
(gi#88604411) based on its topology and its pasitownstream of an S subunit
(gi#88604408) and two A subunits (gi#88604409 am@8604410). Similarly, a 5
TMS hypothetical protein (gi#124484963) Methanocor pusculum labreanum Z was
assigned the function of a T homologue based orntigozl analysis and BLAST
results. These archaeal transport systems have assigned TC#s 3.A.1.26.8,
3.A.1.25.2 and 3.A.1.25.3, respectively. The fatteo systems appear to be biotin
uptake porters based on genome context analyses.

From our initial analyses of multiple thiamin traost clusters that apparently
contain S and A subunits but not T subunits, a g@m84489907) encoding a
potential T homologue iMethanosphaera stadtmanae DSM 3091was found, which
is followed by a gene (gi#84489906) encoding a idafgd ATPase and an S
homologue (gi#84489905). Operons that contairctimplete complement of subunit
components were also observed for two other T hoguds (gi#29377242 and
gi#116516329). However, for gi#116516329, besitle upstream S subunit
(gi#116516079), an additional S homologue (gi#183®#) was found to be encoded
near the 5’ end of this operon. All in all, a ntéjyp of clusters that appeared to be
missing components of the transport complex tuim&do encode complete systems.
Genome context analyses should offer confirmatibrihe identities and substrate
specificities of nearby subunits.

Our analyses of BioMNY transporter homologues iathd that a large
proportion of S homologues function independentfyttee other ECF transporter

components. Thirty five gene clusters were foundrtcode just the S homologues, in
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contrast to eight that encode the entire compleggssting capacities for alternative
modes of energization (Hebbeln et al., 2007; Raaloat al., 2009). Further, the
analyses with YjbB and YhaG homologues did not aéwdbvious clustering with

ATPase genes (data not shown). Our overall amalijgdg at the possibility that S
subunits of some ECF transporters may, dependinthercellular electrochemical
gradient and local substrate concentrations, fanahdependently of ATP-hydrolysis,
while others may have evolved to function entirdly an ATP-independent
mechanism. This last possibility has been confirnlérkens & Slotboom, 2010;

Finkenwirth et al., 2010; Hebbeln et al., 2007).

Sequence diver gence of the transmembrane ECF components

To provide evidence for functional divergence betw& and T subunits, these
homologues were compared by constructing phylogenetes and determining
relative comparison scores. A much greater degfegequence conservation was
observed among T subunits than S subunits, witht®b36 comparisons giving >11
SD for the S homologues and all 36 comparisonsgi%ill SD for the T homologues
(table 4). The greater sequence divergence amasupnits may correlate with the
need for them to recognize a wide variety of micatoents in the absence of
periplasmic receptors, while greater conservatioin® corresponding T subunits may

reflect their interaction with the highly conserv&dubunits.

Phylogenetics of ECF transporter components
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The SuperfamilyTree (SFT) programs allowed consmacof phylogenetic
trees for all ECF homologues under study (Yen et 2009; Chen et al., 2011).
Phylogenetics of type-1 ECF transporters, in whike S, T and A subunits from a
given transport complex could be confidently asstgnrevealed that, with the
exception of the closely related cobalt (CbiMNQONdanickel (NikMNQO)
transporters, there is little evidence of co-evolut contrary to expectation for
systems with dedicated components (Saier, 2003280 This could imply either
that the subunits became functionally coupled duretent evolution or that there has
been substantial shuffing of constituents betwdbase systems during their
evolutionary histories (figure 9). However, braeshfor the biotin transporters
(BioMNY), the putative queuosine precursor tranggsr (QrtTUVW), and the
putative cobalamin precursor transporters (CbrTWwg difficult to analyze as
homologues of these permeases also contain repatiges from type-ll ECF
transporters (Rodionov et al., 2009), and theirl@ianary histories can not be
conclusively established. The elimination of thdsssporters with just a single S
subunit in the operon (presumably of type-Il or)goid not improve the overall
phylogenetic associations (data not shown).

Phylogenetic analyses of type-Il ECF systems redeab-evolution of the A
and T subunits but not the S subunits (see the sextton entitled “Phylogenetics of
the two paralogous ATPase subunits in type-Il E@Rdporters”). Thus, type-1 ECF
transporters, though possessing dedicated eneggmodules, must have undergone

frequent gene shuffling between constituents dutiegr evolution.
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Phylogenetics of the two paralogous ATPase subunits in typell ECF
transporters

From the analyses of type-ll ECF energizing modubethologous A subunits
generally cluster more tightly together than theresponding paralogues. As shown
in the phylogenetic tree, the upstream ATPasedwdter together, separately from the
downstream ATPases, showing that throughout théuBepary histories of these
systems, the order of these two genes relativeath ether has not changed (figure
10A). This fact must have physiological significanbut its molecular basis remains
obscure.

Closer scrutiny revealed that the upstream ATPfases Bacillus halodurans
C-125 andOceanobacillus iheyensis HTE831 (Bhal and Oihl in figure 10A) and the
upstream ATPase fromediococcus pentosaceus ATCC 25745 (Ppel in figure 10A)
are not in clusters 6 and 4, respectively, althotlgh downstream Bha2 and Oih2
homologues and the downstream Ppe2 are in cluSteasd 4’, respectively, of the
corresponding 3’ ATPase cluster. This apparerdremncy may reflect the limits of
the algorithm in resolving distant evolutionaryat@nships. The inclusion of the T
subunit homologue, MpnA, fronMycoplasma pneumoniae M129 in cluster 2 of
figure 10B agrees with the phylogenetic clusternigts corresponding A subunits.
These analyses suggest closer evolutionary asemsand provide evidence that the
components of the AAT module function together aggof energizing complexes.
These results indicate that ancestral ECF transgorprobably arose through
duplication of ATPase subunits before they divergedenergize transporters of

different specificities. For those transporterstthutilize heterodimeric ATPase
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complexes, the two ATPase paralogues may haveehifdinding affinities to the S
or the T subunits, and this could be a generalufeatf all of these systems. By
contrast, many BioMNY, CbiMNQO and NikMNQO operom®ntain only one
ATPase each, possibly reflecting a subtle distimcthetween ECF homologues that
necessitates the use of a heterodimeric ATPasp@ssed to a homodimeric ATPase

(Hebbeln et al., 2007; Rodionov et al., 2006, 2009)

Phylogenetics of S subunit homologues of the type-1 and type-I1 ECF portersand
of the membrane constituents of ABC2 uptake porters

The S subunit provides the minimal requirement tfansport in the ECF
system. To reveal phylogenetic relationships betwECF and traditional ABC2
transporters as well as between type-I and tyeCIF transporters, the SFT program
was used to construct phylogenetic trees. ABCasparters other than ECF porters
that have two integrated membrane subunits aregtitaio have both subunits share
substrate binding and interaction with the two A3&aubunits. However, these two
functions may not be shared equally by the two sitbu TheE. coli maltose
transport complex, for which high resolution X-rstyuctures are available, has two
membrane subunits, MalF and MalG. The MalF protgipears to have a greater
degree of interaction with maltose than the MalGtgin, suggesting that MalF may
be closer to the S subunits of the ECF transpothens MalG, while MalG may more
closely resemble the T subunit of an ECF transpomiplex (Oldham et al., 2007).
However, from structural analysis, it is not ertirelear if the degrees of substrate

and ATPase interactions with MalF and MalG changend the transport cycle.
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Since many TM subunits of ECF porters do not shateresive similarity to either
MalF or MalG, both sequences were included forysigl When a transport complex
contains a homodimeric TM complex, the sole TM subwas used.

As demonstrated in the superfamily tree in figute(dee table 6 for the query
sequences used for the construction of the trexh, type-1 and -Il ECF transporters
cluster near the root of the tree, with type-lIl E€ystems appearing to be more
ancient (TC#2.A.88). However, there are also etiopp as TC#3.A.1.26.1 and
TC#3.A.1.34.1 appear in clusters along with ABC2t@s, and TC#2.A.88.3.1,
TC#2.A.88.4.1, TC#2.A.88.5.1, and TC#2.A.88.7.1 eapplatter than most of the
type-I ECF. With ABC2 uptake porters, their tramsnibrane components appear to
be much more recent. Based on this distributiod #re comparison scores, we
concluded that the S subunit homologues of tydeHCF and ABC2 transporters
have a common ancestry and that the S subunitgpefit ECF transporters more
closely resemble the ancestral forms of the S dtdbohthe ECF systems than those

of type-I systems.

Uptake analysis of an ECF homologue from Mycobacterium smegmatis str. MC2
155

When 5nM thiamine was present in the M9 minimal meqg both the
complete transporter complex (SAA'T) and the S sitbalone (S) showed evidence
of uptake after 5 hours as indicated by absorbamezsurement at 600nm wavelength
(figure 12). Under the conditions used, the uptakeferred by the Thiw homologue

is more efficient than the native transporter friim@E. coli host as is evident by the
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logarithmic growth phase and the final cell densityHowever, in their native

configuration, both SAA’ and T constructs failedstwow any sign of uptake.

Discovery of novel ECF transportersusing riboswitch elements

The analysis of riboswitch regulons revealed tweehdransporters that could
be closely related to ECF transporters in thre@arsge taxonomic groups. The first
putative ECF transporter is regulated by the cobalariboswitch element and is
composed of a core permease component (RoseRS fl@hdRoseiflexus sp. RS-1)
that showed no sequence similarity with any exgistifCF entry in TCDB. However,
the other transmembrane component (RoseRS_31Qhjsgbutative ECF transporter
showed homology with the T subunit of one of theFEgDtries (TC#3.A.1.26.5) with
a BLAST score of & The TCDB BLAST result is even better for the @banit
(RoseRS_3100) with a score of’eagainst another ECF entry (TC#3.A.1.26.1).
Based on this observation, | propose to add tlissporter to the expanding list of
ECF entries in TCDB.

The other putative ECF transporter found (YpdP; 238Gl from
Saphylococcus aureus subsp. aureus N315; see also homologues &aphylococcus
capitis SK14, Saphylococcus epidermidis ATCC 12228, Saphylococcus carnosus
subsp. carnosus TM30@&aphylococcus haemolyticus JCSC1435,Saphylococcus
saprophyticus subsp. saprophyticus ATCC 15305) was under thelagga of the
preQ1l riboswitch. It showed high similarity withembers of ECF transporters
(TC#2.A.88.8) in TCDB with a maximal score of''& for SH1474 and

STACA0001_1686. SA1265 was used as a represemtatiomologue for
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Staphylococcaceae, and it showed 7 TMSs while hoguals from Bacillales showed
5 (0B2209) to 6 (ABC0888) TMSs. Binary alignmesit®wed that both OB2209 and
ABCO0888 lost the C-terminal TMS while OB2209 lostadditional N-terminal TMS.

Cluster analysis for all YpdP homologues failedtdon up any energizing module

encoded with the core permease component.

I ncor poration of riboswitch discovery with compar ative genome analyses

Our collection of riboswitches responds to a digergroup of cellular
metabolites, and these RNA elements were groupéa $iXx substrate-specific
categories: coenzyme regulators, amino acid reglatribosome regulators,
nucleotide derivative regulators, ion/sugar reguigtand putative riboswitches (see
tables 7 to 12 for the names of specific regulatoSome of these riboswitches bind
to large macromolecules including protein reguktgsuch aspyrR regulatory
sequence); however, they were included in my staslfhese RNA sequences can
form highly structured motifs that are riboswitckel and presumably regulate their
downstream genes via mechanisms similar to the roan@nical riboswitches that
respond to small effector molecules.

| had discovered that there is a great number lebswitches present in
firmicutes, with an average of 42.7 riboswitches genome (with a standard
deviation of 12.5 sites per genome) (table 13). weleer, there is also a wide
prevalence of riboswitches across the bacterialalopaveraging 12.1 riboswitches
per genome (with a standard deviation of 4.7 g&sgenome) (table 13). Such a

widespread distribution can only be explained iheoof the riboswitches had arisen
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in the last common ancestor of all or many bactef#is observation is especially
applicable to TPP, cobalamin, FMN, glycine, and BagkoY riboswitches; TPP
riboswitches are present in all the phyla analyzé&de the rest of these riboswitches
are missing only from two to four phyla, possiblyedto elimination early in the
evolution of the bacterial domain (see tables Argl 12). The metabolic pathways of
these common riboswitches are all essential fdrscelival and have been described
in detail (Rodionov et al., 2002b/2003a; Vitreschek al., 2002); however, the
biological process that/bP-ykoY participates in is not yet known.

Curiously, even though firmicutes and actinobaatehniad split relatively
recently based on current estimate, the numberibafswitches per genome in
Actinobacteria (averaging 11.8 sites per genomejotsmarkedly different from the
other bacterial phyla analyzed (averaging 12.1ssiter genome; see figure 14 and
table 13). A plausible explanation is that ribdsives had undergone rapid expansion,
both in terms of types and numbers before firmigwgplit from actinobacteria. The
expansion in firmicutes comes mainly from riboswés that regulate amino acid
biosynthesis, with T-boxes making up the majori#3.7% of total ribswitch for
firmicutes vs 19.0% for actinobacteria; see tableahd figure 15). In contrast, the
proportion of riboswitches for coenzymes appearisawe contracted relative to other
riboswitches (21.9% for firmicutes vs 43.5% foriagbacteria; see table 14 and figure
15). Such a difference may be explained by differaetabolic requirements for the

two phyla.

Emergence of rareriboswitche elements
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Even though some riboswitches may have arisen ®detoe last common
ancestor of all bacteria, not all types of ribosWwés are initially present. In the long
history of life on Earth, there appears to be mamgtances where riboswitches
originated independently in different phyla.

In the deeply rooted phyla of Deinococcus-Thermuabkloroflexi, and
thermotogae, | did not observe the presence oicedoenzyme riboswitches. For
instance, all riboswitch elements responsive foMS&nd SAH coenzymes (except
SAM riboswitch) are absent (see table 7). In addjtsome amino acid riboswitches
(glnA, Leu_leader and Thr_leader; see table 8),esabbsomal subunit riboswitches
(S15, L13 leader, and L19 leader; see table 9), esorcleotide derivative
riboswitches (preQ1, and preQ1-1l; see table 16ines ion riboswitchesykoK and
Mg_sensor; see table 11), and almost all putatb@switches (exceptybP-ykoY; see
table 12) were missing from these phyla. This sstgthat these riboswitches did not
originate before the last common ancestor of altdréa. Of these riboswitcheghH,
preQ1-Il, SAH, sucA, Mg_sensor, SAM-IV, SAM-alpha, SAM-SAH, SMK box,
purine, serC, speF, andybhL riboswitches can only be found in one or two phyla
(represented by Bacillales, Streptococcaceae, bactibaceae, Mycobacteriaceae,
Rhizobiales, Ralstonia, and Enterobacterialestaaes 7, 10, 11, and 12), suggesting
a much more recent evolutionary innovation.

Of the rare riboswitcheylbH riboswitches are found exclusively in Bacillales
and are present in all species analyzed for txantaxcepBacillus clausi KSM-K16
(data not shown). This riboswitch regulates thpression of theglbH gene, which

encodes an RNA methyltransferase for a small rim@dsubunit, and aoaD gene,
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which encodes a phosphopantetheine adenylyltrassdegene that is involved in
Coenzyme A biosynthesis.

PreQ1-Il sites are found almost exclusively in ftneoccaceae and regulate
the expression of a queuosine precursor transp(ouer) of energy-coupling factor
(ECF) family (data not shown). The only streptaadcspecies with preQ1-ll site
absent in our analysis &reptococcus thermophilus CNRZ1066. In Lactobacillaceae,
preQ1-Il sites can be found only in threkéadtobacillus casei ATCC 334,
Lactobacillus rhamnosus GG, andPediococcus pentosaceus ATCC 25745) out of
fifteen genomes, indicating possible horizontal egetransfer (HGT) events.
Interestingly, even thouglyueT genes are present i@enococcus oeni PSU-1,
Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293, and Lactobacillus
salivarius subsp. salivarius UCC118, they are not controlled by preQ1-II riboswitches
and likely represent a separate HGT event.

SAH riboswitches are found only in some proteoh@i@nd mycobacteria and
control the expression of an adenosylhomocystei(a®®), an unknown membrane
protein, a 5,10-methylenetetrahydrofolate reductésetF), and a regulator of
competence-specific gendaX-like) in members of proteobacteria (data not shown
In Mycobacteria, the SAH regulon was found to cenef metH gene only and likely
have different evolutionary history than the regugldound in proteobacteria.

sucA riboswitches are found exclusively in Ralstonianedl and participate in
succinyl-CoA biosynthesis; they control the expi@ssof components of 2-

oxoglutarate dehydrogenase complex [dehydrogendSe ¢omponent, sucA),
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dihydrolipoamide succinyltransferase (E2 componeatB), and dihydrolipoamide
dehydrogenase (E3 compondptA)].

Mg_sensors control the expression of a magnesiamsporter rfigtA) and
were found in Enterobacteriales solely, althoughythre present only in five out of
twelve genomes analyzed and may represent an ewtduy innovation originating in
the common ancestor discherichia coli str. K-12 substr. MG1655Citrobacter
koseri ATCC BAA-895, Salmonella typhimurium LT2, Klebsiella pneumoniae subsp.
pneumoniae MGH 78578, arkthterobacter sp. 638. As an additional evidence for
vertical transmissionmgtA homologues with their own Mg_sensor elements farm
distinct clade near the root of the phylogenete t(see figure 16), lending support to
the concept of independent emergence of this rililoswn the last common ancestor
of a few enterobacterial lineages.

SAM-1V riboswitches are present only in Mycobacegae and regulate the
expression of an o-acetylhomoserine sulfhydrylaseet), a homoserine o-
acetyltransferasargtX), and a putative methyltransferase in all the Myaieriaceae
species analyzed excepdlycobacterium leprae TN. In addition, a probable
aminotransferase/cysteine desulfurase (gi#1696397gtmbilated by SAM-IV is found
in Mycobacterium abscessus ATCC 19977; the homologue of the gene can also be
found in other families in the order of Actinomyalets although whether any of them
are regulated by riboswitches or participate inmugtine biosynthesis has yet to be
established.

SAM-alpha can be found in Rhodobacterales and Rrames. Similar to

SAM-IV, SAM-alpha regulates the expression roétY and metX. In addition, a
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homoserine o-succinyltransferageefA) gene and a methionine biosynthetic gene of
unknown function rhetW) were found to be regulated by the SAM-alpha mtsh
element, frequently in different clustersmetX and metW were typically found
organized in an operon in Rhizobiales. AdditiomatX-metW operons not regulated
by SAM-alpha were also found in some species of Rh&obiales. Phylogenetic
analysis of the MetX homolgoues revealed a posdigletion of the SAM-alpha
regulatory elements in some lineages of Rhizobigde®C 0229 and Xaut_1909 in
figure 17).

SerC riboswitches were found in the majority of hagproteobacteria
analyzed. In almost all of these organisms, thgeloms this riboswitch regulates were
highly conserved and consisted sefC and serA genes (encoding a phosphoserine
aminotransferase and a D-3-phosphoglycerate depgdease, respectively) in the
serine biosynthetic pathway. Their limited disition may point to their emergence
in alpha-proteobacteria.

SpeF riboswitch sequences and their regulon cotemé also highly
conserved. ThespeF gene regulated by this riboswitch likely partidgs in
polyamine biosynthesis, and its orthologues aregrein all the Rhizobiales species
analyzed. This riboswitch element may have origidan Rhizobiales as it was found
only in Rhizobiales species; howevesradyrhizobium japonicum USDA 110,
Bradyrhizobium sp. BTAI1, andRhizobium etli CFN 42 did not seem to contain the
regulatory element upstream of thgieF genes. When ploted in a phylogenetic tree
using the SpeF protein sequences, unregulated lbgoed fromBradyr hizobium and

that from Rhizobium were found in two distinct clusters (blr7759, BBt&849, and
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RHE_CHO03629 in figure 18). This result suggestieletion of regulatory element in
these two genera in two independent events. LikberospeF regulons,
RHE_CHO03629, BBta_ 1349 and blr7759 contain an #cabgferase gene (except
Brucella melitensis 16M) following the speF genes. From genome context and
BLAST analysesBradyrhizobium sp. BTAI1 andRhizobium etli CFN 42 probably
lost their riboswitch sequences recently due to dlogous recombination; however,
the upstream distance from the previous gene aively conserved (as compared to
closely related species) f8radyrhizobium sp. BTAI1 but has shortened considerably
for Rhizobium etli CFN 42. Bradyrhizobium japonicum USDA 110 likely had lost its
riboswitch sequence in the process of intrachrormagshuffling as the neighboring
genes are not conserved at all. My evidence pdmtecent uncoupling ofpeF
riboswitch elements from the regulons they control.

ybhL riboswitches, which regulate the expression ofhanacterizedybhL
membrane protein, were also found only in Rhiza@sialthough only in 8 out of 15
species analyzed. From my genome context and BLAGAlyses, the riboswitch
sequence iBartonella quintana str. Toulouse was likely lost due to intrachromoabm
shuffling as its chromosomal neighbors are not eoresl. Phylogenetic analysis of
YbhL protein sequences revealed high degrees atlation betweerybhL genes
regulated with the regulatory element and thoseatanot regulated, with riboswitch
regulated genes clustered at the bottom of the (frgare 19). The clustering of
Bartonella quintana str. Toulouse YbhL homologue (BQ00080) with othiboswitch

regulated YbhL homolgoues supports my genome coateck BLAST analyses. My
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evidence points to the coevolution @hL riboswitch elements and thd@hL genes

they control.

Evolution of functionally equivalent riboswitches

There are many homolgous genes discovered in tindy $0 be regulated by
functionally equivalent riboswitches. For instanteemetX gene, which regulates the
conversion of homoserine to o-acetyl-homoserine,bmfound with the SAM, SAM-
alpha, and SAM-1V riboswitches. There is a greagrée of clustering of riboswitch
element with the respectiveetX homologues they regulate on a phylogenetic tree
based on MetX protein sequence data (see figure 3nilarly, metY homologues
cluster with their respective riboswitch elemersgse( figure 21). However, there are
two cases of Staphylococcal homologues (Sca_| StagtMca | Staph in figure 21)
clustering with the clostridial homologues. These homologues likely were
transferred to members of Staphylococcaceae asudt i horizontal gene transfer
from members of Clostridiaceae.

| had also observed two major clusters for clogtlitMetY homologues. The
bottom cluster often havenetA downstream ofmetY in an operon (except
CkI2_1_Clostridi in figure 21). In contrast, thept cluster usually only hasetY in its
own operon (all except Mca_|_Staph and Sca | Stapfigure 21). The operonic
differences between these two clusters may reftheir different evolutionary
histories. A Bacillale MetY homologue was alsoriduo be clustered with one of the
two major Clostridial cluster. The sole occurrermfethis Bacillale homologue

indicates its origin in Clostridiaceae.
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In addition to the unique MetY orthologue foundeismch organism, three MetY
paralogues (Ckl_I_Clostridi, Ckl2_1 Clostridi, akI3 | Clostridi in figure 21) can
be found forClostridium kluyveri DSM 555. The three MetY paralogues were highly
divergent and were found in different clusters, luding a paralogue (CKI3_
|_Clostridi) not regulated by any SAM-responsiveoswitch. CkI3_ | _Clostridi
possibly functions in some as-yet undiscoveredh®aucal reactions not directly tied
to the biosynthesis of methionine. Paralogues (DiBacillales and
Oih2_1_Bacillales in figure 21) fron©ceanobacillus iheyensis HTE831 were also
highly divergent in sequence and may patrticipatdiffierent biochemical pathways.

Other evidence of riboswitchs coevolution with tlenes they regulate can be
found inykkC genes and the two divergent riboswitches thatlagguheir expression.
As with sequence divergent riboswitches that redgorSAM, there appeared to be a
large degree of clustering gkkC-yxkD and miniykkC riboswitches with the/kkC
genes they regulate. However, exceptions were dfoun two pseudomonal
homologues (Pst_mini_Pseudomona and Pae2_mini_&send in figure 22), which
cluster with the solitary ralstonial (Cta_mini_Ralsa in figure 22) and desulfovibrial
(Dde_mini_Desulfo in figure 22) homologues as oot the main pseudomonal
cluster in the right-hand side of the tree. Thade® appeared to be a horizontal gene
transfer event from Rhizobiales that accounts foe tsole appearance of a
cyanobacteriaykkC homologue (Gvi_mini_Cyano in figure 22).

Chapter l1lI, in full, is in press in the Internated Journal of Bioinformatics,
2012. Sun, Eric; Saier, Milton. The dissertataurthor was the primary investigator

and author of this paper.
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Chapter Ill, in part, is currently being preparedt publication. Sun, Eric;
Leyn, Semen; Kazanov, Marat; Novichkov, Pavel; Gawlton; Rodionov, Dmitry.

The dissertation author was the primary investigatm author of this material.
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| here describe my efforts to trace the evolutignarigins of what | have
shown to be a recently proposed sub-superfamihlABC transporters, the ECF
transporters. These differ from typical ABC uptaperters in having no extra-
cytoplasmic binding receptor and having highly dgent integral membrane subunits
that are believed to perform different functionsconfirmed homology for the BioY,
Thiw, and TrpP families using quantitative statistimeans. Additionally, | provided
evidence for homology with the PNaS symporter fgmil The fact that ECF
transporters can function by two distinct energyptmg mechanisms (Hebbeln et al.,
2007 and this dissertation) suggests that: (1)BG8& sub-superfamily might be at
evolutionary crossroads between secondary and priraetive transport, and (2)
additional examples of transporters that are ca&pabltilizing alternative modes of
energy-coupling may exist.

From our sequence analyses, the S subunits of @ &ib-superfamily
members appear to have duplicated from a 3-TMSigeefb give rise to 6-TMS
transporters (figures 3A, 3B, and 4). To this 6 I Mnit, a TMS apparently was lost
or gained in some members to give 5 or 7 TMS pnetaiespectively. In some cases,
the core 5 or 6 TMS S subunits may have duplicattinally to give rise to 10 or 12
TMS proteins, respectively (see Zheng et al., menmisin preparation). Transporters
of the PNaS family appear to have undergone aaggtric duplication event where a
4 TMS unit duplicated to give 8 TMS proteins (figus and 3C). Even though the two
integral membrane components of an ECF transpprtdyably function in different
capacities, the S- and T-subunit alignments indcta common origin (figures 6 and

7). When checking for internal duplications indbanits, we observed little sequence
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conservation between their two halves comparedhtse of the corresponding S
subunits. Recognizing their common origin as shbere, however, suggests that the
two halves of T-subunits have become functionaiffecentiated to a greater degree
than the two halves of S-subunits, thereby maskthgir common origin.
Interestingly, crystallographic data have revedheat the two halves of the S subunit
may together comprise a central transport chardi@r(g et al., 2010), implying the
importance of structural symmetry despite the djeace of the two transmembrane
subunits in ECF systems. Despite poor sequencédasiyy we did find similar
numbers of transmembrang 1 1[11-helices as well as similar spatial distributions i
the S and T subunits. Taken together with the ipbédl size-exclusion and
crystallographic data (Erkens & Slotboom, 2010; tha&t al., 2010; Erkens et al.,
2011), it seems likely that the transport mechare$BCF transporters resembles that
of traditional ABC transporters. They may haveedged in quantitative detail.

The two ECF subunits appear to have distinct fonstiin accordance with
their extensive sequence divergence. One sube@ms to be primarily dedicated to
substrate recognition while the other may funcpomarily to anchor the cytoplasmic
ATPase to the complex and coordinate energizatioth® transport cycle. Such
functional divergence may not be restricted to E@nsporters, as even within
traditional ABC uptake transporters, there seentseta continuum of transporters that
have partial segregation of function. At one axiee the two integral membrane
components of homodimeric transporter complexesh(sis the arabinose, ribose and
galactose ABC transporters Bf coli) perform dual, shared roles of both substrate

recognition and ATPase anchoring equally. On therohand, the well-studied ABC
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transporter, MalEFGKof E. coli, seems to exhibit partial functional differentoati
for its two integral membrane components as rededlg X-ray crystallography
(Oldham et al., 2007). For MalEFGKone subunit may primarily bind the substrate,
even though both form the channel. Nevertheledsractions of both subunits with
the dimeric cytoplasmic ATPase appear to be equalligal for transport, as reflected
by the existence of an ATPase-binding ‘EAA’ motiflhoth TM subunits (Oldham et
al., 2007; Davidson et al., 2008). In the ECFgporters, we confirmed the existence
of a modified EAA motif before the second to last1S in the T subunit (see also
Neubauer et al., 2009), but we could not find tmsetif in the S subunits. It is
unknown whether the S subunit interacts directlghvan A subunit; however, such an
association is likely given our knowledge of thectmanism of transport by ABC
transporters (Davidson et al., 2008). Combinecdh watystallographic data, it is
probable that the positively charged residues énldlop near the C-terminus carry out
such a function (Zhang et al., 2010). In accordanith its role as an ATPase anchor
and the apparent lack of interaction with subsfrate hypothesize that a greater
degree of sequence conservation could be obsemedgthe T subunit homologues.
Indeed, when we compared the sequences amongedilothologues, we observed a
much greater degree of sequence conservation athenigsubunits than among the S
subunits (table 4).

Operon structures for members of the ECF familyeapmuite diverse, and
modes of energy coupling can often be inferredifunctional data are available. For
instance, the S domain of the mycobacterial ThiViuged to two ATP-hydrolyzing

(A) domains, clearly implying ATP-dependent eneagjazn. Additionally, BioY
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homologues can be encoded in operons together ABtD-type energizer-encoding
genes, but there appears to be many more BioY [@sgsesncoded in operons lacking
components of ABC-type ATPases than possessing iltabhe 3B and figure 8).
However, prokaryotic YhaG and YjbB family membersresnot found to be encoded
in operons with ATP-hydrolyzing proteins; in thétéa case, a phosphateNsymport
mechanism is established for homologous eukarytstems (Kohler et al., 2001;
Lebens et al., 2002; Murer et al., 2000; Miyamdtale 2007; Tenenhouse, 2005). It
is reasonable to assume that some of these EC$ptdars can function by either
primary or secondary active transport, and posshpjyboth, depending on the
availability of the ATP-hydrolyzing subunits, agsti demonstrated for the biotin
transporter oRhodobacter capsulatus. (Hebbeln et al., 2007)

Meanwhile, the number of ECF members that can utereprimary or
secondary active transport is continuing to expan@ur preliminary functional
analyses of the ThiW transporter fravtycobacterium smegmatis expressed ift. coli
showed that either the S subunit alone or the cet@ptnergy-coupled transporter
complex could support growth of a thiamine-auxotiogE. coli strain. However,
synthesis of just the T or SAA’ protein did not popt growth (figure 12). This result
suggests that T subunit alone lacks activity, anchplied an inhibitory function for
the ATPases in the absence of a complete systeproposal for alternative modes of
energy coupling has been presented for certain pEr®eases (Hvorup et al., 2003;
Saier et al., 2005), and experimental data supmgpduch a postulate for the ArsB
arsenite exporters &. coli andSaphylococcus aureus have been presented (Broer et

al., 1993; Kuroda et al.,, 1997; Xu et al.,, 1998 sd¢so Castillo & Saier, 2010).
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Clearly, transporters capable of alternative modesnergization are more wide
spread than originally thought, although the phyggjcal relevance of these two
modes of transport and their potential in transpegtlation still need to be evaluated.

Like typical ABC superfamily transporters, membess the ECF sub-
superfamily always require two monophyletic cytgpic ATPases, which are
required for cooperative ATP hydrolysis. Howewvielere appears to be divergence
between the ATPase subunits or domains of the E&@tens as compared with the
corresponding subunits of traditional ABC portevbjch are frequently composed of
homodimeric integral membrane complexes. Basedusrphylogenetic analyses on
components of type-ll ECF energizing modules, djeece of the paralogous
ATPases appears to have occurred early during geolwf this sub-superfamily
before transporters of different specificities exal, and they show high degrees of
conservation across different microbial genomegu(g 10 and table 5). However, a
similar degree of coevolution was not observed domponents of type-I ECF
transporters (figure 9). The discrepancy may cefle@ consequence of different
evolutionary pressures than those faced by tyCF transporters.

Genomic organization of the ECF transporter-enapdiperons also appears to
reflect some fundamental differences from ABC tpmmgers. For example, there
appear to be few instances of fusions of ECF transbmane subunits to their
cytoplasmic ATPases (S to A or T to A). Fusionghd two membrane subunits (S
and T) were also rare, although fusion of the twidPAses occurred more frequently,
as was first demonstrated by Rodionov et al. (2000n the other hand, various

combinations of fusions of the transmembrane subtoaithe ATPase subunits and of



45

the transmembrane subunits to each other are commahe traditional ABC
transporters, especially in exporters. The laclsaarcity of these combinations of
ECF fusions may point to structural and/or funcéilooonstraints such as flexibility
requirements for substrate binding or coupling of PAhydrolysis to transport.
However, it could also indicate their status asngpamnore similar to the ancestral
transporter.

Given the lack of periplasmic binding proteins ahd ability of some ECF
carriers to function in two different energizingpeaities, we believe that the ECF
transporters may indeed represent a case of ti@raittransporters that originally
contained just the integral membrane componentkis [Bads to the proposal that
homologous traditional ABC transporters evolved thia same route. Indeed, when
we constructed a superfamily tree using homologd@ig¢gpe-1 and type-1l ECF porters
as well as homologues of the more conventional ABB&ke porters, we observed
that type-lIl ECF porters tend to cluster near thet of the superfamily tree, again
suggesting that they may more closely resemblestiratdorms of both type-1 ECF
and ABC2 porters (figure 11 and table 6). Membafrshe ECF transporter sub-
superfamily probably arose from the same ancestoABC?2 transporters, from a
common prototypical 3-TMS ancestor (figures 11; akls® Wang et al., 2009). The
fact that the S subunits of type-Il ECF porters @meoded in operons separate from
those of the energizing modules indicates thatetl®ebomologues likely started out as
secondary carriers and later became functionaltggrated with the energizing
modules, which may have originally functioned wiather transporters or in some

capacity other than transport. As ECF transporersdved into the more common
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ABC2 porters, they may have become functionallyeselent on extracytoplasmic
receptors, thus freeing the membrane subunits ttemconstraints of high affinity
substrate binding (figure 13). The incorporatidnperiplasmic receptors may have
imparted tighter control of the transport cycle amtbwed a greater diversity of
substrates to be specifically recognized. Thisppsal is strengthened by the
observation that some ABC porters can function \aitly of several extracytoplasmic
substrate-binding receptors (see TC#3.A.1.5.18, .13x®5, 3.A.1.12.12 and
3.A.1.20.1)

Additional evidence for such a transition comesnifran early study
demonstrating that mutation of a TM subunit of @it¢gl ABC transporter could
induce periplasmic-protein-independent uptake (fonep% Shuman, 1985). It would
be interesting to compare the structures of ECFiljamembers with the more
carefully studied ABC transporters to determinehdre are subtle differences in how
the ATPases are arranged in the transport compie>xwdether such an arrangement
in ECF transporters may present an impediment écethergence of fused subunits,
although their analyses are beyond the scope ®fitesertation.

The evolution of ATP-dependent solute uptake oerlimmany times (i.e.,
ArsA/ArsB systems, ABC systems, cation transportiitype ATPases [Thever &
Saier, 2009; Chan et al., 2010; Xu et al., 199&] arany protein secretion systems
[Saier, 2006; Saier et al., 2008]). ECF porteesadyy show a common origin with
ABC systems. This conclusion applies to both memér and cytoplasmic
components as shown here. Tripartite pmf-drivestesys independently evolved in

the TRAP transporters (Rabus et al., 1999), whicares with ABC systems the
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characteristic of possessing an extracytoplasniigest®inding receptor that provides
vectorial directionality (Mulligan et al., 2007, @®). The route taken and the survival
values of the specific characteristics of theséesys have yet to be fully appreciated.

As many ECF transporters are regulated by riboswgc(Rodionov et al.,
2009), we have conducted genomic analyses for itgepce of riboswitches in fully
sequence bacterial genomes to search for transpeinte occur as ECF systems. Our
search revealed putative ECF homologues fRaseiflexus sp. RS-1 and members of
Staphylococcaceae and Bacillales. The putative §Gfem fronRoseiflexus sp. RS-

1 appears to be composed of a full complement &f Eibunits with both the T and A
subunits showing high similarity to existing ECFtrees in TCDB although the
putative core permease S subunit did not show rezagle similarity. We have
added this additional system to TCDB. The putata@F systems (YpdP) from
members of of Staphylococcaceae and Bacillalesugiihoacking the energizing
components of the ECF system, turned out to shomwiaity with existing ECF
entries in TCDB. With the riboswitch identifiedrfthese putative ECF transporters, it
should be possible to design experiments to tegtdtative substrates. We should be
able to uncover additional ECF systems when monemes are searched.

As a follow-up to the ECF investigation, | also rezal out more in-depth
analyses on the organismal distributions of ribodvas. Based on the distribution
observed for TPP, cobalamin, FMN, glycine, aywbP-ykoY riboswitches, it is
probable that these riboswitches originated inldlse common ancestor of all bacteria.
This is logical as TPP, cobalamin, and FMN are mssecoenzymes for bacteria, and

glycine is an essential amino acid and a basidimgblock for bacteria. However,
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the wide distribution ofyybP-ykoY riboswitch is unclear. The associatgaY gene
may code for a tellurium resistance transporter shdwed high similarity to
transmembrane proteins of uncharacterized funagtiohCDB (TC# 9.A.30.1). The
co-occurrence oykoY with the regulatory element is quite high with f@mologues
discovered out of 248ybP-ykoY riboswitches analyzed. The next most commonly
associated gene (58 homologues found) codes foredicted membrane protein
(COG2119). COG2119 showed high similarity to a BCéntry (TC#9.B.26.1), but
its function is not known. Except in Vibrional€sQG2119 did not appear to occur
together with ykoY with appreciable frequency and may have a function
complementary to that of YkoY (data not shown).e Aext most common genesgL
(46 homologues found), code for a cation-transpgriP-type ATPase homologue
(TC#3.A.3.2), which likely transports calcium toetlextracellular matrix to assist in
biofilm formation (Sarkisova et al., 2005). A slarifunction is also probably carried
out by another gene, COGO0530 (sodium/calcium exgpranThe associategybP
gene supposedly encodes a putative sercreted rproédthough there was no
corresponding TCDB entry to allow identification afly potential transport partner,
and theyybP gene is the only gene in its regulon. Even thaihghregulatory element
is partially named after thgybP gene, the distribution gfybP genes appeared to be
restricted to Bacillales and was not found in otteera. In addition to putative
calcium exporters, there were proteases found tordmplated byyybP-ykoY
riboswitches, though they were found in smaller bamm than putative
transporters/transmembrane proteins and were atestrito members of the

Desulfovibrionales, Clostridiaceae, and Deinoco€tsrmus. In all,yybP-ykoY
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riboswitches probably regulate genes that are &gsdcwith virulence and biofilm
formation instead of an essential biochemical pathw These results illustrate the
diversity of cellular processes that riboswitchegulate.

For the organisms missing these common riboswitaghebould be possible to
determine if any of these regulatory sequencesrassing due to replacement by an
alternative regulatory sequence. (Such a replasemeenario is likely for phyla
Chlorobi and Bacteroidetes as most of their majooswitch classes were missing
from orthologous regulons [see tables 8~12, 14 agdrd 15].) This can be
accomplished by analyzing the upstream UTR from @inthe orthologous operons.
The analysis of 5° UTRs from homologous reguloneusth also help to refine the
model used in constructing consensus RNA sequetocesarch for more distantly
related sequences (Novichkov et al., 2010). Intaohd regulon content analysis will
provide complementary information to direct seq@encomparisons between
orthologous riboswitch elements. It may be possitd reconstruct evolutionary
scenarios after more genomes are analyzed.

Although most riboswitches are fairly long and céexpin their three-
dimensional structures (TPP and cobalamin ribosw#cfor instance), it is possible
that some of these regulatory sequences could hagen spontaneously in the
regulatory region of functionally relevant genessame are fairly short (preQ1, mini-
ykkC, L19-leader andserC for example), making concrete phylogenetic anayse
difficult. However, the distribution of these shdboswitch sequences appeared to be
more restricted in their distribution (see tablesl10, and 12). This would make

biological sense as linkage of regulatory elemdatdunctionally unrelated genes
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should be detrimental in most cases and theresi@ald not become fixed in the
genome. Once a riboswitch is coupled to the reguiaif functionally relevant genes,
the operon structure would be expected to be predeand transferred as a functional
unit (as in the case of HGT). My observation a¢ to-occurrence of riboswitches
with the genes they regulate held in most casesreéd (even for genes controlled by
riboswitches that are functionally equivalent) atidbngly supports this argument (see
figures 16~22).

My analyses also revealed that proportion of sonm®switch classes,
noticeably those that are not responsible for cpmezregulation, appeared to be in
fluctuation when going from phylum to phylum (sedle 14 and figure 15). And
even within the coenzyme riboswitch class, proposi of different riboswitch
orthologues tend to change (see table 7). Althabghtypes of interaction between
riboswitches and their ligands may be limited duée absence of a protein mediator,
the organization of binding domains and expresgatforms is also crucial in
determining the regulatory outcome upon substranelifg. This organizational
flexibility may permit different regulatory mechams to exist in orthologous
riboswitches, allowing different responses to ocaar metabolically diverse
organisms. A comprehensive analysis of orthologtasswitch sequences in regard
to this organizational difference is the next lagicstep in these continuing

investigations.
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Table 1. Fully sequenced microbial genomes used for riboswitch analyses.
Genomic data were obtaineded from GenBank. Thaltsesvere derived from
manually curated data collected on RegPredict (hgpredict.lbl.gov/regpredict/).

Taxonomic group

Organism name

Shewanella

Shewanella amazonensis SB2B
Shewanella baltica 0S155
Shewanella denitrificans 0S217
Shewanella frigidimarina NCIMB 400
Shewanella halifaxensis HAW-EB4
Shewanella loihica PV-4

Shewanella oneidensis MR-1
Shewanella pealeana ATCC 700345
Shewanella piezotolerans WP3
Shewanella sediminis HAW-EB3
Shewanella sp ANA-3

Shewanella sp MR-4

Shewanella sp MR-7

Shewanella sp W3-18-1

Shewanella woodyi ATCC 51908
Shewanella putrefaciens CN-32

Enterobacteriales

Erwinia amylovora ATCC 49946

Salmonella typhimurium LT2

Photorhabdus luminescens subsp. laumondii TTO1
Escherichia coli str. K-12 substr. MG1655
Edwardsiella tarda EIB202

Erwinia carotovora subsp. atroseptica SCRI11043
Citrobacter koseri ATCC BAA-895

Yersinia pestis KIM

Enterobacter sp. 638

Serratia proteamaculans 568

Proteus mirabilis HI4320

Klebsiella pneumoniae subsp. pneumoniae MGH 78578




Table 1: Fully sequenced microbial genomes used for riboswitch analyses.

Continued.

Taxonomic group

Organism name

Staphylococcaceae

Staphylococcus aureus subsp. aureus N315
Saphylococcus capitis SK14

Saphylococcus epidermidis ATCC 12228
Saphylococcus carnosus subsp. carnosus TM300
Saphylococcus haemolyticus JCSC1435
Saphylococcus saprophyticus subsp. saprophyticus ATCC 153(
Macrococcus caseolyticus JCSC5402

Bacillales

Bacillus subtilis subsp. subtilis str. 168
Bacillus amyloliquefaciens FZB42
Bacillus pumilus SAFR-032
Bacillus licheniformis DSM 13
Anoxybacillus flavithermus WK1
Geobacillus kaustophilus HTA426
Bacillus cereus ATCC 14579
Bacillus halodurans C-125
Bacillus clausii KSM-K16
Oceanobacillusiheyensis HTE831
Paenibacillus sp. JDR-2

Desulfovibrionales

Desulfovibrio vulgaris Hildenborough
Desulfovibrio vulgaris str. Miyazaki F
Desulfovibrio desulfuricans G20
Desulfovibrio desulfuricans subsp. desulfuricans str. ATCC 277
Desulfovibrio piger ATCC 29098
Desulfovibrio salexigens DSM 2638
Desulfovibrio magneticus RS-1
Lawsonia intracellularis PHE/MN1-00
Desulfomicrobium baculatum DSM 4028
Desulfohal obium retbaense DSM 5692
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Table 1: Fully sequenced microbial genomes used for riboswitch analyses.

Continued.

Taxonomic group

Organism name

Thermotogales

Thermotoga maritima MSB8
Thermotoga sp. RQ2

Thermotoga neapolitana DSM 4359
Thermotoga petrophila RKU-1
Thermotoga naphthophila RKU-10
Thermotoga lettingae TMO
Thermosipho africanus TCF52B
Thermosipho melanesiensis Bl1429
Fervidobacterium nodosum Rt17-B1
Petrotoga mobilis SJ95
Thermotogales bacterium TBF 19.5.1

Ralstonia

Ralstonia eutropha H16

Cupriavidus taiwanensis str. LMG19424
Cupriavidus metallidurans CH34
Ralstonia eutropha JMP134

Ralstonia solanacearum GMI1000
Ralstonia pickettii 12J

Cyanobacteria

Synechococcus sp. SYNPCC7002
Synechocystis sp. SYNPCC 6803
Cyanothece sp. ATCC 51142
Cyanothece sp. SYNPCC 8801
Cyanothece sp. SYNPCC 7425
Microcystis aeruginosa NIES-843
Nostoc sp. SYNPCC 7120
Trichodesmium erythraeum IMS101
Synechococcus elongatus SYNPCC 7942
Prochlorococcus marinus MIT 9313
Synechococcus sp. JA-3-3Ab
Synechococcus sp. WH 8102
Gloeobacter violaceus SYNPCC 7421
Thermosynechococcus elongatus BP-1
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Table 1: Fully sequenced microbial genomes used for riboswitch analyses.

Continued.

Taxonomic group

Organism name

Bacteroidaceae

Bacteroides vulgatus ATCC 8482
Bacteroides coprophilus DSM 18228
Bacteroides dorei DSM 17855
Bacteroides eggerthii DSM 20697
Bacteroides fragilisNCTC 9343
Bacteroides uniformis ATCC 8492
Bacteroides cellulosilyticus DSM 14838
Bacteroides plebeius DSM 17135
Bacteroides ovatus ATCC 8483
Bacteroides thetaiotaomicron VPI-5482
Bacteroides stercoris ATCC 43183

Corynebacteriaceae

Corynebacterium glutamicum ATCC 13032
Corynebacterium efficiens YS-314
Corynebacterium diphtheriae NCTC 13129
Corynebacterium aurimucosum ATCC 700975
Corynebacteriumjeikeium K411
Corynebacterium urealyticum DSM 7109
Corynebacterium amycolatum SK46
Corynebacterium kroppenstedtii DSM 44385

Streptococcaceae

Lactococcus lactis subsp. cremoris SK11

Lactococcus lactis subsp. lactis 111403

Streptococcus thermophilus CNRZ1066

Sreptococcus agalactiae 2603V/R

Streptococcus uberis 0140J

Sreptococcus equi subsp. zooepidemicus MGCS10565
Streptococcus dysgalactiae subsp. equisimilis GGS_124
Streptococcus pyogenes M1 GAS

Streptococcus gallolyticus UCN34

Streptococcus mutans UA159

Streptococcus suis05Z2YH33

Sreptococcus mitis B6

Sreptococcus pneumoniae TIGR4

Sreptococcus gordonii str. Challis substr. CH1
Sreptococcus sanguinis SK36
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Table 1: Fully sequenced microbial genomes used for riboswitch analyses.

Continued.

Taxonomic group

Organism name

Lactobacillaceae

Lactobacillus sakei subsp. sakei 23K

Lactobacillus casei ATCC 334

Lactobacillus rhamnosus GG

Lactobacillus delbrueckii subsp. bulgaricus ATCC BAA-365
Lactobacillus johnsonii NCC 533

Lactobacillus helveticus DPC 4571

Lactobacillus acidophilus NCFM

Lactobacillus salivarius subsp. salivarius UCC118
Pediococcus pentosaceus ATCC 25745

Lactobacillus brevis ATCC 367

Lactobacillus plantarum WCFS1

Lactobacillus fermentum IFO 3956

Lactobacillusreuteri JCM 1112

Oenococcus oeni PSU-1

Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293

Clostridiaceae

Clostridium cellulolyticum H10
Clostridium kluyveri DSM 555
Clostridium novyi NT

Clostridium acetobutylicum ATCC 824
Clostridium perfringens ATCC 13124
Clostridium butyricum 5521
Clostridium beijerincki NCIMB 8052
Clostridium tetani E88

Clostridium botulinum A str. ATCC 3502
Clogtridium bartlettii DSM 16795
Clostridium hiranonis DSM 13275
Clostridium difficile 630

Clostridium sp. OhILAs

Clostridium leptum DSM 753
Clostridium sp. L2-50

Clogtridium sp. SS2/1

Clostridium phytofermentans ISDg
Clogtridium nexile DSM 1787
Clostridium scindens ATCC 35704

Clostridium bolteae ATCC BAA-613
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Table 1: Fully sequenced microbial genomes used for riboswitch analyses.

Continued.

Taxonomic group

Organism name

Chloroflexi

Herpetosiphon aurantiacus ATCC 23779
Chloroflexus aggregans DSM 9485
Chloroflexus sp. Y-400-fl

Roseiflexus sp. RS-1

Roseiflexus castenholzii DSM 13941

Chlorobiales

Chlorobaculum parvum NCIB 8327
Chlorobium chlorochromatii CaD3
Chlorobium ferrooxidans DSM 13031
Chlorobiumlimicola DSM 245
Chlorobium phaeobacteroides BS1
Chlorobium phaeobacteroides DSM 266
Chloroherpeton thalassium ATCC 35110
Pelodictyon luteolum DSM 273
Pelodictyon phaeoclathratiforme BU-1
Prosthecochloris aestuarii DSM 271
Prosthecochloris vibrioformis DSM 265

Rhizobiales

Xanthobacter autotrophicus Py2
Azorhizobium caulinodans ORS 571
Nitrobacter winogradskyi Nb-255
Rhodopseudomonas palustris CGA009
Bradyr hizobium japonicum USDA 110
Bradyrhizobium sp. BTAIl

Rhizobium sp. NGR234

Sinorhizobium meliloti 1021

Rhizobium leguminosarum bv. viciae 3841
Rhizobium etli CFN 42

Agrobacterium tumefaciens str. C58 (Cereon)
Mesorhizobium loti MAFF303099
Mesorhizobium sp. BNC1

Brucella melitensis 16M

Bartonella quintana str. Toulouse

Deinococcus-
Thermus

Deinococcus geothermalis DSM 11300
Deinococcus deserti VCD115
Deinococcus radiodurans R1

Thermus aquaticus Y51MC23

Thermus thermophilus HB27

57



Table 1: Fully sequenced microbial genomes used for riboswitch analyses.

Continued.

Taxonomic group

Organism name

Mycobacteriaceae

Mycaobacterium abscessus ATCC 19977
Mycobacterium avium 104
Mycaobacterium marinum M
Mycobacterium leprae TN
Mycobacterium tuberculosis H37Rv
Mycobacterium smegmatis str. MC2 155
Mycobacterium vanbaalenii PYR-1
Mycobacterium flavescens PYR-GCK
Mycaobacterium sp. JLS

Pasteurellales

Haemophilus parasuis SH0165

Haemophilus ducreyi 35000HP

Actinobacillus pleuropneumoniae serovar 7 str. AP76
Haemophilus somnus 2336

Actinobacillus succinogenes 130Z

Mannheimia succiniciproducens MBEL55E
Pasteurella multocida subsp. multocida str. Pm70
Haemophilus influenzae Rd KW20

Aggregatibacter aphrophilus NJ8700

Pseudomonadaceae

Pseudomonas stutzeri A1501

Pseudomonas aeruginosa PAO1

Pseudomonas mendocina ymp

Pseudomonas entomophila L48

Pseudomonas putida KT2440

Pseudomonas syringae pv. tomato str. DC3000
Pseudomonas fluorescens Pf-5

Azotobacter vinelandii AvOP

Vibrionales

Photobacterium profundum SS9

Vibrio angustum S14

Vibrio salmonicida LFI1238

Vibrio fischeri ES114

Vibrio shilonii AK1

Vibrio vulnificus CMCP6

Vibrio cholerae O1 biovar el tor str. N16961
Vibrio harveyi ATCC BAA-1116

Vibrio parahaemolyticus RIMD 2210633
Vibrio splendidus LGP 32
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Table 1: Fully sequenced microbial genomes used for riboswitch analyses.

Continued.

Taxonomic group

Organism name

Burkholderia

Burkholderia phymatum STM815
Burkholderia xenovorans LB400
Burkholderia glumae BGR1
Burkholderia mallei ATCC 23344
Burkholderia pseudomallei K96243
Burkholderia sp. 383

Burkholderia cepacia AMMD
Burkholderia viethamiensis G4

Caulobacterales

Phenylobacterium zucineum HLK1
Caulobacter sp. K31

Caulobacter segnis ATCC 21756
Caulobacter crescentus CB15

Rhodobacterales

Rhodobacter sphaeroides2.4.1
Paracoccus denitrificans PD1222
Jannaschia sp. CCS1

Rhodaobacteral es bacterium HTCC2654
Oceanicola granulosus HTCC2516
Loktanella vestfoldensis SKA53
Oceanicola batsensis HTCC2597
Roseovarius nubinhibens ISM
Roseovarius sp. 217

Sulfitobacter sp. EE-36

Silicibacter TM1040

Slicibacter pomeroyi DSS-3
Roseobacter sp. MED193
Hyphomonas neptunium ATCC 15444
Oceanicaulis alexandrii HTCC2633
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Table 2: Comparison scores for the transmembrane porters derived from four
permease families. The scores represent the average of 6 indepen@Gém
alignments with 500 random shuffles each.

Comparison scores (in standard deviations)

Thiw YhaG YjbB

BioY 11.8 9.5 9.4
Thiw - 11.0 10.2
YhaG - - 10.3
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Table 3A: Genomic cluster analysis of BioY and ThiW transporter homologues.
The protein gi numbers were obtained from GenebBold numbers indicate that the
protein is composed of two fused ATPases. gi numligted in more than one subunit
category indicate a fusion. Proteins within brasketlicate fragmented peptides that
make up a functional subunit. A question mark & émd of an accession number
indicates a possible homologue based on clustdysasa Genes that purportedly
function within the same complex based on clusterlysis share the same shading.
Organismal names are arranged alphabetically.

Organism Putative BioY complex components | Putative ThiWw complex components
name

Ssubunit | T subunit | A subunit | Ssubunit | T subunit | A subunit

Agrobacterium
tumefaciens | $59184449| 15888093 | 159184450 - - -
str. C58
Archaeoglobus
fulgidusDSM | TIH498769 | TIH4987717

4304
. 30260331
Bacillus 30260332 :
) 30263575, 80262625, '| 30260330,
anthracis str. - - 30262627,
Ames 30264959 3026327 mmﬁmmm&:
Bacillus 2 313 16077214,
subtilis subsp. | 16078101, ) ) 255767036 255767035
subtilisstr. | 16080256 | 607| , 16078386 ,
168 255767312
189439684| 189439685
Bifidobacteriu 189439686 HIMHI#'H - WMHMHH
mlongum 189440492 - - , 8
DJO10A . ,
Bordetella
bronchiseptica | 33602772 | 33602773 | 3360274 - - -
RB50
17986923
Brucella | 17986602, ] MO8 | s, | 17986919,
melitensis 16M | 17987714 (ChiM+Ch 17986918
iN)
Chlamydia
trachomatis | 166154570 - - - - -
434/Bu
o 15893504
Clostridium '
. 15894639 15896352
acetobutylicum ' - - - 15896351 '
ATCC 824 | 15896009, 15896353

15896696
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Table 3A: Genomic cluster analysis of BioY and ThiW transporter homologues.
Continued.

Organism Putative BioY complex components | Putative ThiW complex components
name Ssubunit | T subunit | A subunit | Ssubunit | T subunit | A subunit
Clostridium 110800816
perfringens - 110800175 , 110800458| 110800706, 110798697
ATCC 13124 10801175
Corynebacteri
um diphtheriae | 38234633 | 38234035 | 38234834 - 38233550 | 38233549
NCTC 13129
145295220| 145295222 145295221
Corynebacteri , , ,
um 145295863 145295865 145295864 (45204682 145204084 145204663
glutamicumR ) , ,
el A
Enterococcus ,
faccalis V583 | 29277530 i i 2 94,
29377251
Escherichia
coli O157:H7 - - - - - 15830042
str. Sakai
pseudogen
Haloarcula e
marismortuli - - - 55378963 | 55378961 | downstrea
ATCC 43049 m of
553789617
Klebsiella
pneumoniae
subsp. - - - - - 152969331
pneumoniae
MGH 78578
Lactobacillus 58336659, | cooooony
acidophilus - - - 58336440 e
NCFM .
191637129
191637132 191637130 mgmﬁmmm
"aCtg;’:e?”“S 191639160 : . | 191637128 [edearsEs
, :
191687258 ,
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Table 3A: Genomic cluster analysis of BioY and ThiW transporter homologues.

Continued.
Organism Putative BioY complex components | Putative ThiW complex components
name Ssubunit | T subunit | A subunit | Ssubunit | T subunit | A subunit
116493863
Lactobacillus 116493866/ 116493864 mmﬁmm m
casel ATCC 116495673 - - , , 7
334 116493862 [16495916 ,
116495018
Lactobacillus 116514601 EEECiong
! | disises
. 116513290 - - 116514603 116518569 ,
bulgaricus
o, | Lissliaser
S __
116630122
116630123 ,
Lactobacillus 116630121 , 116628991
gasseri ATCC - - - , 116628992
33323 : 11628990
,
Lactobacillus 81429447, 81420348 | 81429349,
sakei subsp. 81428438 - - 81428442, ﬁumﬂmmmp’ 81429350,
sakei 23K 81428704 81409448
116511170 116511181
Lactococcus , 116511182 ,
lactissubsp. | 116511172 - 116511180 , 116514405
cremoris SK11 , b Glcllulhlvlc B
116512642 116511404
116617359
116617430 116618045| 116617360 ,
Leuconostoc , mmwmmg@p 116617358
mesenteroides | 116617633 ,
subsp. , - - L1eeireie
mesenteroides | 6617737 ,
ATCC 8293 ,
16617738
Listeria
46908771,| 46908772
monocytogene | 46906843 - - - ' '
ssr. b F2365 46908806 | 46908773
Methanobrevib
acter smithii 148642489 - - 148642832 148642831| 148642830
ATCC 35061
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Table 3A: Genomic cluster analysis of BioY and ThiW transporter homologues.
Continued.

Organism Putative BioY complex components | Putative ThiW complex components
name Ssubunit | T subunit | A subunit | Ssubunit | T subunit | A subunit
Methanococcu
svannielii SB ) ) 3 - - 150400111
124484855
Methano- 124484856 174485086
corpusculum | 24484960 > , 124484855 , ,
labreanum Z = 124484962 124485087 124485367
124485552
Methanoculleu 126178547
smarisnigri | I26379591| 126179588 26179589 126178546| 126178548 ,
JR1 126178889
Methanosarcin Searasa | 13670290 73669274, 73669275,
_ _ 73668129,
abarkeri str. | 73668131 668128 73668130 : 713670287, Wﬂﬁﬂ%ﬁ
Fusaro TR | 186702809)| 73670985 | 73670984
Methanosarcin 21228097 21228098
lenanosarein | 51227138 dipsease | 2122 220
Methanosphae
ra tadtmanae | 84490142 : - | 84489905 | 844899077 3005
DSM 3091
Methanospirill
um hungatei 88602882 | 88602880 | SC0V288L,
JE-1 88601738
Mycobacteriu
mleprae TN - - - 15827376 | 15827377 | 15827376
Mycobacteriu
mtuberculosis - - - 148823526| 148823525 148823526
F11
13507933,
gggf&ﬁ ] ] ] ] 13507934, |135°793i’
M129 mmﬁmmmmb 12’
Myxococcus
xanthus DK 108761790 - - - - -
1622
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Table 3A: Genomic cluster analysis of BioY and ThiW transporter homologues.

Continued.
Organism Putative BioY complex components | Putative ThiW complex components
name Ssubunit | T subunit | A subunit | Ssubunit | T subunit | A subunit
116490687
116490686
116490688 ,
, 11le4i0gin2
1Hedgosry
, 11le40gins
11649111
Oenococcus p
oeni PSU-1 116491570 - - 11649110
116491471 11649110
116491468 ,
Pasteurella
multocida
subsp. - - - - - 15602755
multocida str.
Pm70
16493320
Pediococcus , 116493134
pentosaceus - - - 116493133 ,
ATCC 25745 , 116493135
116493365
PYrococous | 14520373 - - - 14520347 | 14520348
abyssi GE5
Rickettsia
typhi str. 51473520 - - - - -
Wilmington
Salmonella
enterica subsp. 161504071
arizonae - . . 161506375 161506374 161506373
serovar
62:74,223:-- y
r. RK2980 161506372
Serratia
proteamaculan - - - - - 157369538
5568
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Table 3A: Genomic cluster analysis of BioY and ThiW transporter homologues.

Continued.
Organism Putative BioY complex components | Putative ThiW complex components
name Ssubunit | T subunit | A subunit | Ssubunit | T subunit | A subunit
82778304,
Shigella [82778305
dysenteriae - - - 82778308 | 82778307 ,
4197 82778306]
, 82776034
Staphylococcu 88195004, 88196132 gglgglgs,
’ ) 196134,
ws;,‘_‘;i”;us 88196197 - - | BBLOATYS,| BBLOAVIS, | yoigi
NCTC 8325
TI6537054 116516582
116516704 T1851813Y 116516786
Streptococcus , ' ,
pneumoniae | 116515429 - - 116516079 ﬁﬁgﬁg 116517082
D39 , i ||; ,
116615987
11651599
Streptococcus 15675927,
pyogenesM1 | 15674405 : - | seissse m%%%@% 15675928,
GAS 15675626
55821976,
omonice | 55820751, ] [Hﬁmﬁml 55821974,
LMG 18311 | 29821311 BE82040] 55820406 il
15897117,
Sulfolobus ) ) ] ) h%%%%%%% 15897231,
solfataricus P2 15898689,
15898822
Treponema
pgj't')‘;‘ojm 189025461/ 189025459 189025460 - - -
pallidum SS14
i 170762231
o 3 g - - - - 170762077 ,
ATCC 27815 —
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Table 3B: Genomic cluster analysis of BioY and ThiW transporter homologues.
The numbers represent the tally of all the comptmigntable 3A. The numbers are
used to construct the Venn diagram in figure 8.

Putative BioY complex components | Putative ThiW complex components
Ssubunit | T subunit | A subunit | Ssubunit | T subunit | A subunit

Total # of
proteins 49 10 17 56 81 124
recorded

Total # of

organisms

represented fo 37 45
each
transporter

Total # of

organisms

containing S
subunit

Total # of

organisms

containing T
subunit

Total # of

organisms

containing A
subunit

36 32

10 39

12 44

Operon structure analysis
Legend: Number of operonsfound in our analysis x (subunit composition in the operon)
S=S-subunit, T = T-subunit, A = A-subunit
33x(S),
IX(S+S) 5X(S)
T alone 0 1x(T)
A alone 0 14x(A)
Sand Tin
various 1X(S+T) 1X(S+T)
combination
Tand Ain
various IX(T+A+A) 24x(T+A+A), 12x(T+AA), 1x(T+A)
combination
Sand Ain
various IX(S+AA), 2X(S+A+A) IX(S+S+AA), 2X(S+AA)
combination
S, T,and Ain
various BX(S+T+A), 2X(S+T+A+A)
combination

S alone

34X(S+T+AA), 4X(S+S+T+AA),
AX(S+T+A+A)
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Table 4: Comparisons between transporters of different specificities in the ECF
family. Panel A shows comparisons among substrate-recognitiorsiByinits, and
panel B shows comparisons among putative ATPase-transqiigesubunits. Cells
with darker shading represent closer sequence aityilthan the ones with lighter
shading. The homologues were collected from th&[BElatabase (http://seed-
viewer.theseed.org/), and the comparisons were uxted with the GAP and
TreeView programs (Zhai et al., 2002). Values afpressed in standard deviations
(SD). Based on the superfamily principle, the dd¢anonstrate that all S subunits
tabulated are homologous as are all T subunits.

A) S subunits

SEED | BioY | CbiM | NikM [ QrtT | MtsT | YkoE | HtsT | CbrT | MtaT
BioY
CbiM
NikM
QrtT
MtsT
YkoE
HtsT
CbrT
MtaT

146 141 7.0

B) T subunits

SEED BioN| CbiQ | NikQ | QrtU| MtsV CbrV | MtaV

413 214 21.9
20.9 27.0
| 42.7
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Table 5: Collection of ECF energizing components. The gi numbers of energizing
components were obtained from the SEED databage/(¢ed-viewer.theseed.org/).
These protein sequences were used to generataylogenetic tree in figure 10.

Organismal name Organismal T 5’ ATPase 3’ ATPase

type
Bacillus cereus ATCC | Firmicutes 42779222/Bce 42779220/Bcel 42779221/Bce2
10987
Bacillus  halodurans | Firmicutes 15612729/Bha 15612727/Bhal 15612728/Bha2
C-125
Bacillus subtilis subsp. | Firmicutes 221307960/Bsu 1644202/Bsul 221307952Bsu
subtilis str. 168
Clostridium Firmicutes 15896351/Cag 15896353/Cacl 15896352/Cac2
acetobutylicum ATCC
824
Clostridium botulinum | Firmicutes 148381388/Chp 148381390/Chol 14838138%4(C
A str. ATCC 3502
Clogtridium  difficile | Firmicutes 145956420/Cdi  145956418/Cdil  1459564d2/C
QCD-32g58
Clostridium Firmicutes 18311354/Cpe 18311356/Cpel  18311355/Cpe2
perfringensstr. 13
Clostridiumtetani E88 | Firmicutes 28212150/Cte| 28212152/Ctel 28212151/Cte2
Clostridium Firmicutes 125975418/Cth  125975415/Cthl  1259754th2/C
thermocellum  ATCC
27405
Enterococcus faecalis | Firmicutes 29374883/Efa 29374881/Efal 29374882/Eta2
V583
Lactobacillus Firmicutes 104773572/Lde 104773570/Ldel 1047735742l
delbrueckii subsp.
bulgaricus ATCC
11842
Lactobacillus gasseri | Firmicutes 116628992/Lga 116628990/Lgal 1166289%H2L|
ATCC 33323
Lactobacillus Firmicutes 42518459/Ljo 42518457/Ljol 42518458/Lja2
johnsonii NCC 533
Lactococcus lactis | Firmicutes 15672261/Lla 15672259/Llal 15672260/Lla2
subsp. lactis 111403
Listeria Firmicutes 16804637/Lmg 16804639/Lmal 16804638/Lmo2
monocytogenes EGD-e
Lactobacillus Firmicutes 28377869/Lpl 28377867/Lpll 28377868/Lpl2
plantarum WCFS1




Table5: Collection of ECF energizing components. Continued.
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tengcongensis MB4

Organismal name Organismal T 5’ ATPase 3’ ATPase
type

Mesoplasma  florum | Firmicutes 50364969/Mfl 50364967/Mfl1 50364968/MflIR
L1
Mycoplasma Firmicutes 13507934/Mpr 13507932/MpnA| 13507933/MpnA
pneumoniae M129 A& 1& 2&

13508170/Mpn| 13508172/MpnB| 13508171/MpnB

B 1 2

Moorella Firmicutes 83591243/Mth|  83591245/Mthll  83591244/Mth2
thermoacetica ATCC
39073
Oceanobacillus Firmicutes 23097604/0ih 23097602/0ihil 23097603/0ih2
iheyensis HTE831
Onion yellows | Firmicutes 39938666/0ni 39938665/0nil 85057820/0ni2
phytoplasma OY-M
Pyrococcus furiosus | Euryarchaeota 18976439/Pfu 18976440/Pful
DSM 3638
Pediococcus Firmicutes 116493133/Ppp  116493135/Ppel 116493p82/P
pentosaceus  ATCC
25745
Rubrobacter Actinobacteria| 108804943/Rxy 108804945/Rxyl 108&@4Rxy2
xylanophilus DSM
9941
Streptococcus Firmicutes 22538283/Sad 22538285/Sagl 22538284/5ag2
agalactiae 2603V/R
Saphylococcus aureus | Firmicutes 15925210/Sau 15925212/Saul 15925211/H9au2
subsp. aureus Mu50
Soiroplasma  kunkelii | Firmicutes 34849383/Sku 56748703/Skul 56748702/Sku2
CR2-3x
Sreptococcus mutans | Firmicutes 24380476/Smu  24380478/Smul  24380477/Smu2
UA159
Sreptococcus Firmicutes 15902023/Spr 15902025/Spnl 15902024/Spn2
pneumoniae TIGR4
Sreptococcus Firmicutes 15675926/Spy 15675928/Spyl 15675927/Spy2
pyogenes M1 GAS
Symbiobacterium Firmicutes 51894178/Sth 51894180/Sth1 51894179/Sth2
thermophilum |AM
14863
Thermoanaer obacter Firmicutes 20808628/Tte 20808630/Ttell 20808629/Tte2
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Table 6: Collection of S subunit homologues from the type-1/Il ECF and more
traditional ABC transport systems. Under the ‘TC # column, dark and light shades
indicates type-Il and type-I ECF transporters, eesipely, while ABC2 transporters
are unshaded. Under the ‘Query UniProt accessiorcgfimn, transmembrane
subunits with degrees of similarity insufficientr finkage to either the MalF or the
MalG subunits are indicated in grey; homodimer@nsmembrane complexes are
underlined. The sequences were obtained from tH@Br@atabase and were arranged
according to TC#'s in the table. The protein segesnwere used to generate the
superfamily tree in figure 11.

TC# Query UniProt accession #

Q6GUBO

Q2KUS5

032074

007515

Q99731

Q38XES8

Q6YQR5

3.A1.1 P02916
3.A.1.2 POAGI1
3.A.1.3 POAEQ6
3.Al14 POAEX7
3.A.15 P08005
3.A.1.6 Q93KD5
3.A.1.7 P07654
3.A.1.8 POAF01
3.A.1.9 P16683
3.A.1.10 P21409
3.A1.11 POAFK4
3.A.1.12 P14176
3.A.1.13 P06609
3.A.1.14 P06972
3.A.1.15 055282
3.A.1.16 P38044
3.A.1.17 Q47539
3.A.1.18 Q05594
3.A.1.19 P31549
3.A.1.20 054371
3.A.1.22 Q9S411
3.A.1.23 Q79CJ1
3.A.1.24 P31547
A9WGEO
3.A.1.27 A4PCHY7
3.A.1.28 Q8XGV9
3.A.1.29 Q74163
3.A.1.30 034738
3.A.1.31 Q8G6E7
3.A.1.32 Q9KXJ5
3.A.1.33 Q8ROM1
0007v4
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Table 8: Distribution of riboswitch classes responsible for amino acid metabolism

in major bacterial phyla. The data for individual riboswitches are normalizeginst
the sizes of the genomes in megabases (Mb). Dahlegtes indicate higher riboswitch
density; refer to table 7 for format of presentatio

Phylum (class) Trp_le | His_le | Leu_| | Thr_le
ginA | ader | ader | eader | ader
Firmicutes 0 0 0 0 0
Actinobacteria 0 0.028 0 0 0
Cyanobacteria 0.217 0 0 0 0
Proteobacteria 0 0.079 | 0.087 | 0.079 | 0.083
(alpha) 0 0.032 0 0 0
(beta) 0 0 0 0 0
(gamma) 0 0.150 | 0.185| 0.169 | 0.177
(delta) 0 0 0 0 0
Chlorobi 0 0 0 0 0
Bacteroidetes 0 0 0 0 0
Deinococcus-
Thermus 0 0 0 0 0 0 0
Chloroflexi 0.108 0 0 0 0 0 0
Thermotogales 0 P0Zi4| o0 | 01380046 O 0
Phyla other than
firmicutes 0.244 | 0.099 | 0.016 | 0.058 | 0.058 | 0.052 | 0.055 | 0.061

Table 9: Distribution of riboswitch classes responsible for the biogenesis of
ribosomal subunits in major bacterial phyla. The data for individual riboswitches
are normalized against the sizes of the genomeseigabases (Mb). Darker shades
indicate higher riboswitch density; refer to taBléor format of presentation.

L10 lead| L20 lead| L21 lead| L19 lead| L13 lead
Phylum (class) S15 er er er er er
Firmicutes 0131 [[70.326 [ 0316 | 0301 [ 0296 | 0.209 |
Actinobacteria 0.098 0.056 0 0 0 0
Cyanobacteria 0 0.184 0 0.017 0 0
Proteobacteria 0.118 0.011 0.013 0 0 0
(alpha)| 0.058 0 0 0 0 0
(beta) 0 0 0 0 0 0
(gamma)| 0.217 0.024 0.028 0 0 0
(delta) 0 0 0
Chlorobi 0 0 0
Bacteroidetes 0 0 0
Deinococcus-
Thermus 0 0 0
Chloroflexi 0 0 0
Thermotogales 0.138 0 0
Phyla other than
firmicutes 0.005 0 0
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Table 10: Distribution of nucleotide derivative riboswitch classes in major
bacterial phyla. The data for individual riboswitches are normalizgghinst the sizes
of the genomes in megabases (Mb). Darker shadesatachigher riboswitch density;
refer to table 7 for format of presentation.

Phylum (class) . GEMM—R
Purine PyrR NA_motif PreQ1 preQ1-ll
Firmicutes 0.612 0.933 0.083
Actinobacteria 0 0.196 0 0 0
Cyanobacteria 0 0 0.100 0 0
Proteobacteria 0.024 0 0.078 0.018 0
(alpha) 0 0 0 0.006 0
(beta) 0 0 0.010 0 0
(gamma) 0.051 0 0.142 0.035 0
(delta) 0 0 0.144 0 0
Chlorobi 0 0 0 0 0
Bacteroidetes 0 0 0 0 0
Deinococcus-
Thermus 0 0.156 0.234 0 0
Chloroflexi 0 0.108 0 0 0
Thermotogales 0.092 0 0 0 0
Phyla other than
firmicutes 0.018 0.023 0.062 0.012 0

Table 11: Distribution of ion/sugar riboswitches in major bacterial phyla. The
data for individual riboswitches are normalized inghithe sizes of the genomes in
megabases (Mb). Darker shades indicate higherwibds density; refer to table 7 for
format of presentation.

Phylum (class) Mg_sensor ykoK glmS
Firmicutes 0 0.156 0.175
Actinobacteria 0 0.140 0
Cyanobacteria 0 0 0
Proteobacteria 0.009 0.011 0

(alpha) 0 0 0
(beta) 0 0 0
(gamma) 0.020 0.024 0
(delta) 0 0 0
Chlorobi 0 0 0
Bacteroidetes 0 0 0
Deinococcus-
Thermus 0 0 0.234
Chloroflexi 0 0 0.180
Thermotogales 0 0 0
Phyla other than
firmicutes 0.006 0.019 0.010
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Table 12: Distribution of functionally uncharacterized riboswitches in major
bacterial phyla. The data for individual riboswitches are normalizgghinst the sizes

of the genomes in megabases (Mb). Darker shadesatachigher riboswitch density;
refer to table 7 for format of presentation.

yybP | ydaO ykkC
Phylum (class) - - mini- -
ykoY | yuaA | ykkC | yxkD | ylbH | sucA | serC| speH ybhL
Firmicutes 0.175 0 | 0.121| 0.049 0 0 0 0
Actinobacteria 0.196 0 |0.042 0 0 0 0
Cyanobacteria 0.067| 0.134| 0.017| 0.100 0 0 0 0
Proteobacteria 0.199| 0.002| 0.100| 0.041 0.026 | 0.059| 0.022| 0.015

(alpha) | 0.052 0 | 0.090| 0.052 0 |0.206| 0.077| 0.052

ololo|o|o|o|o|o

(beta)| 0.205 0 | 0.113]| 0.072 0.144 0 0 0

(gamma)[|0:287] 0 | 0.110| 0.028 0 0 0 0

(delta) | 0.201 | 0.029| 0.029 0 0 0 0 0

Chlorobi 0 0 0 0 0 0 0 0

Bacteroidetes 0 0 0 0 0 0 0 0 0

Deinococcus-Thermus [10:898] 0O 0 0 0 0 0 0 0

Chloroflexi 0.180 0 0 0 0 0 0 0 0

Thermotogales 0.046 0 0 0 0 0 0 0 0
Phyla other than

firmicutes 0.178| 0.028| 0.067| 0.038 0 ]10.017] 0.039| 0.015] 0.010
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Table 13: Combined riboswitch distribution across fully sequenced micraobial
genomes. Refer to table 1 for the genomes used in thistabl

Taxonomic collection Genomes| Total sites| Total per Total Average
genome | genome sizg riboswitch
(Mb) density
per Mb
Bacteroidaceae 11 84 7.64 56.5 1.49
Bacillales 11 656 59.64 47.2 13.91
Staphylococcus 7 294 42.00 17.6 16.69
Streptococcaceae 15 397 26.4Y 32.0 12.41
Lactobacillaceae 15 580 38.67] 32.9 17.6]
Clostridiaceae 20 977 48.85 76.1 12.85
Chloroflexi 5 96 19.20 27.8 3.45
Desulfovibrionales 10 76 7.60 34.8 2.18
Cyanobacteria 14 85 6.07 59.8 1.42
Corynebacteriaceae 8 69 8.63 21.5 3.21
Mycobacteriaceae 9 131 14.56 50.0 2.62
Thermotogales 11 87 7.91 21.8 4.00
Deinococcus-Thermus 5 64 12.84 12.8 5.00
Chlorobiales 11 73 6.64 29.2 2.50
Rhizobiales 15 191 12.73 75.9 2.52
Pasteurellales 9 112 12.44 19.6 5.72
Pseudomonadaceae 8 91 11.3B 46.8 1.94
Vibrionales 10 202 20.20 51.6 3.92
Ralstonia 6 66 11.00 34.1 1.93
Shewanella 16 291 18.19 79.5 3.66
Burkholderia 8 127 15.88 63.4 2.00
Caulobacterales 4 36 9.00 18.2 1.98
Rhodobacterales 15 180 12.0( 61.1 2.95
Enterobacteriales 12 195 18.19 56.5 3.45
Summation for major phyla (class)
Firmicutes 68 2904 42.71 205.77 14.11
Actinobacteria 17 200 11.76 71.52 2.80
Proteobacteria 113 1567 13.87 541.48 2.89
(alpha)] 34 407 11.97 155.15 2.62
(beta)] 14 193 13.79 97.52 1.98
(gamma) 55 891 16.20 253.97 3.51
(delta){ 10 76 7.60 34.8 2.18
Phyla other than firmicutey 187 2256 12.064 820.84 2.7484
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Thi W 1 MKTKKLTLTAI FI' Al NVWLSSI | VI PLGPI KA. APMOHLI NVLCAVFVGP 49

Y N I Y S S I Y R N
BioY 1 MINRNLVLAALFAALMWLSLNPPVPLPAI PVPVTLQTLGVMLAG MLGP 50

Thiw 50 WEGLAQAFISSILRM 65
| | | S
Bi oY 51 WRGAAACLLYLVLAAI 66

ThiW (gi#73662775; putative TMSs 1 & 2) vs BioY #4i15422164; putative TMSs 1 & 2).
Comparison score = 11.8 SD; % identity = 35.4; Wilasirity = 47.7; # gaps = 1; # PSI-
BLAST iterations = 1.

Figure 1A: Binary alignments of S subunit homologues of putative members of
the ECF transporter sub-superfamily (Thiw/BioY). The GAP and IC programs
were used to generate comparison scores expressgdnidard deviations (SD) (see
Table 2). ‘| indicates an identity between resglue indicates a close similarity, and
‘.’ indicates a more distant similarity. Unless et otherwise, all putative
transmembrane segments (indicated by shading ofatiymed sequences) were
predicted using the HMMTOP algorithm.

ThiW 3 KTTLRNLILAALFAAVAVLLSGLSI PVGPTRCFPFQHAI NAIAGVLLGPW 52
YhaG 2 RIVNI.RKH | NSLLLJAVG'NLi\IQi 'TPIDi LFGI\/KPDLSL,lAiVLFI o H_NDD 50
ThiW 53 WAGGAALTTSI | RNALGTGTLFAFP, GSI PGAL. ..\ . " WG TAKVFK 94
YhaG 51 YKENTC Sll'd/VAG_I_. AAA'\/TTLlpeled_lel | DRI VTTSi_l\/FI ALiRPH( 97
ThiW 95 DK...KLYAALTEPVGIG I'GAI'L: " SVYI LA . PSI GKEATLWLVVPAF 137
YhaG 98 |D||<| ND||<i HM | |TT| |vlc;ln I Sl(BSVFLG|SALI i VGLL'ASFlKALFi TVl\/i_HAT 147
Thi W 138 LLSSVPGSLLGFAL 151

.o |.
YhaG 148 IINAIVGTIIEVAV 161

ThiWw (gi#289523651; putative TMSs 1~5) vs YhaG (4i896851; putative TMSs 1~5).
Comparison score = 11.0 SD; % identity = 29.0; Wilsirity = 46.2; # gaps = 8; # PSI-
BLAST iterations = 1. The TMSs for the YhaG homalegwere predicted with the
PredictProtein algorithm.

Figure 1B: Binary alignments of S subunit homologues of putative members of
the ECF transporter sub-superfamily (Thiw/YhaG). See figure 1A for format of
presentation.
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Thi W 35 MAHFI NI LCSVI LGPWYSLLCATLI GVI RVFFMG PPLALTGAV. . FGAF 82

R e S N P M I I I | |
YibB 1 MKHLLNLLAAI ALLVAGTQLVRT. . G LRVFGANLRQVLARSI SNRFTAA 48

Thi W 83 LS. GVSYRVSKGKL| CAI VGEVI GTGVI GAI LSYPI MIEI WGRTGLTW 130
[ | | ] [. ] | .|

YjbB 49 LSG GVTALVQSGTATALI VSSEVGQGLI ALPLALAVM . LGADI GTSLM 96

Thi W 131 EYVPSFI MATLI GGTI AFI FLGAL. ... ... SRTGNLAKI ORSLG 168

[ E—— O R
Yj bB 97 AVWFSFDLSWL. .. SPLFI FLGWLFI SRQDSNAGRLGRVLI GLG 138

ThiW (gi#168179942; putative TMSs 2~5) vs YjbB (@1#89695; putative TMSs 1~3).
Comparison score = 10.2 SD; % identity = 33.1; tilgirity = 42.5; # gaps = 6; # PSI-
BLAST iterations = 1.

Figure 1C: Binary alignments of S subunit homologues of putative members of
the ECF transporter sub-superfamily (Thiw/YjbB). See figure 1A for format of
presentation.

YhaG 64 LS| GNI QPERVINASECIANBEVRPNVIQGAIIGAL AATLI QFNTS| PEHE 113
|- o] L] | ]
Yj bB 168 LAVGDKW I Gl FI GFCLTAWQSSAATTG LI ALAGTDQ SINIAIPIL. 216

YhaG 114 _KAFPKDAARKF_ 163

|| || N p— | :
Yj bB 217 FGONIGTCVITLISSIGTSK. . . . . KARKAAFI HLI YNVMGTI | FI PLMG 261

YhaG 164 [EASFFI LHSPNTW 177
| | o]
Yj bB 262 TLAKI VWNI NPDNV 275

YhaG (gi#227507581; putative TMSs 2~4) vs YjbB @fi2260858; putative TMSs 6~8).
Comparison score = 10.3 SD; % identity = 25.0; Wilsirity = 34.3; # gaps = 2; # PSI-
BLAST iterations = 2. The TMSs for the YhaG homalegwere predicted with the TMHMM
algorithm.

Figure 1D: Binary alignments of S subunit homologues of putative members of
the ECF transporter sub-superfamily (YhaG/YjbB). See figure 1A for format of
presentation.
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BioY 22 M Q:)LTLI ALM'-\ALTCl LGPVSI TLPFTPVPI SFTNLVI YFAVM/I GWK 71

N PR R e N L .| |
YhaG 1 MKTKELVI VSLEAAVGAVERTIEPPIIEEGVKPDV . LVVVEESHIEERK 48

BioY 72 RGMISYEVYLLI GAVGLPVFSGFSGGLAKL ACRTGEYIVGENFIALISEE 121
YhaG 49 VQEVEWI ALVTlGlL\I S. ALTT|G|FP|G|G Q PNM DKPVTAH H_JALFLSC 94

Bi oY 122 BVEKFSGNI VNVAVIIGWWEGTVATYAEGHIECAQVHLT. . . . FVQGLYAG 167
YhaG 95 M . |Kl KNKVl\/LTAVLTAi |c;lri {/53. m leI i:I_s,lAAi_Li |TGLPAALPAI.LV'G 139

Bi oY 168 VIPYEPGDAAKIVIANIVGESAVKKAVWKARVL 199
[: ] o A
YhaG 140 VWINEPAAVINTIAWEVERPIACS LRRARM 169

BioY (gi#167765719; putative TMSs 1~5) vs YhaG (#691729; putative TMSs 1~5).
Comparison score = 9.5 SD; % identity = 26.7; %ilsirty = 41.2; # gaps = 8; # PSI-BLAST
iterations = 1. The TMSs for both proteins weredprted with the PredictProtein algorithm.

Figure 1E: Binary alignments of S subunit homologues of putative members of
the ECF transporter sub-superfamily (BioY/YhaG). See figure 1A for format of
presentation.

BioY 12 LI SLFTALTAI I\MYI VI PMPGGLPPI TGRQSFAVMLAGLLLGAHKGAMS. Q 60

MR- | | | |1l ] ||
YjbB 7 LI'SLAGA TMLLLYAVRWRTG ERSYGASFQRLLTGRQSHLQAGWVELT 55

BioY 61 I | YVLLGVAGVPVFAGGTAGAGVLAGPTG. GFI WGFI LGAFVI GKI AEMS 109

|l N e I T A Y S e
YjbB 56 LAIVLQSSAAVALLASGFAASGYLAFPTGLAI VLGGDLGSALITQILSFK 105

Bi oY 110 KQ?SLPVLYLAAVLGG VAWT 131

10 e
Yi bB 106 LDWLVPMLILAA . GGYLFVKT 124

BioY (gi#225181990; putative TMSs 1~5) vs YjbB (g5#4466313; putative TMSs 1~3). The
differences in putative TMSs represent possiblgraidiction.

Comparison score = 9.4 SD; % identity = 36.2; Y%ilsirity = 41.4; # gaps = 5; # PSI-BLAST
iterations = 1.

Figure 1F: Binary alignments of S subunit homologues of putative members of
the ECF transporter sub-superfamily (BioY/YjbB). See figure 1A for format of
presentation.
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Figure 2A: Average hydropathy, amphipathicity and similarity plots (ThiwW). The
plots were drawn using a modified AveHAS prograrhdiZ& Saier, 2001; Yen et al.,
2009). The vertical bars at the bottom indicatepgbsitions of the predicted TMSs as
estimated using the TMHMM program (Krogh et al.02D Conserved TMSs are
numbered above the hydrophobicity peaks.
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Figure 2B: Average hydropathy, amphipathicity and similarity plots (YhaG). See

figure 2A for format of presentation.
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Figure 2C: Average hydropathy, amphipathicity and similarity plots (YjbB). See
figure 2A for format of presentation. Horizontalrbat the bottom indicate the regions
that contain the best matches using the GAP alighrmpeogram, with the number

indicating the GAP score in standard deviations.
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Figure 3A: The AveHAS plot for the S subunits of typel ECF transporters
(BioY). See figure 2A for format of presentation. Horizinbars at the bottom
indicate the regions that contain the best matcisesy the GAP alignment program,
with the number indicating the GAP score in staddiaviations.
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Figure 3B: The AveHAS plot for the S subunits of type-l ECF transporters
(CbiM). See figure 2A for format of presentation. Horizinbars at the bottom
indicate the regions that contain the best matcisesy the GAP alignment program,
with the number indicating the GAP score in stadd#viations.
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Figure 3C: The AveHAS plot for the S subunits of type-l ECF transporters
(YKOE). See figure 2A for format of presentation. Horizinbars at the bottom
indicate the regions that contain the best matcisesy the GAP alignment program,
with the number indicating the GAP score in staddiaviations.
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Ce 20 VSLFAACNAVMELIPKITDEPEGVPITIQSL GYM_A. GVMLGPWRGVIQSW 68

A Y P e e e e | e
Rru 115 LTI LACVLGGVGVLYAVG PYW/AVTGNSL SAVLAI AVNFLPGDAI KAW 164
Ce 69 LFLAAVAV..GLPLLS 82

I
Rru 165 AGLVAVTVRRGYPALS 180

Alignment of a portion of the first half (putativEMSs 1 & 2) of a BioY homologue with a
portion of the second half (putative TMSs 4 & 5aobther homologue.

This alignment contains the first half of the Big¥otein of Comamonas testosteroni KF-1

(gi#221067436; Cte) and the second half of the Bindtein ofRhodospirillum rubrum ATCC

11170 (gi#83594715; Rru).

Comparison score = 83D; % identity = 31.7; % similarity = 42.9; # gap®; # PSI-BLAST
iterations = 1. The TMSs for Cte were predictechuiite SOSUI program.

Figure 4A: Binary alignments of suspected intragenic duplicationsin S subunits
(BioY homologues). The GAP and IC programs were used to generate aasop
scores. ‘|’ indicates an identity between residtemdicates a close similarity, and *.’
indicates a more distant similarity. Unless notdteowise, all putative transmembrane
segments (indicated by shading of the aligned sem# were predicted using the
HMMTOP algorithm. For the relative locations of TklSefer to the AveHAS plots
in figure 3A.

Go 3 | MEGFLPVKHAVAWEAASA. PEVAYQ Y. . SI KKRVAEHPEQRMLLGVAT 49

co] O T O 1 1 S
Cli 131 LAHGGLTTL SMVAI AGPFVSYG YRL MVMVBKAPEWLAVFLAAAI GD 180

Go 50 AFTEVLSALKI....PSVIGSCSHPTG 72

]| L
di 181 LMIYWTSLQLALAFPSVTGG AASLG 207

Alignment of a portion of the first half (putatiieMSs 2 & 3) of a CbiM homologue with a
portion (putative TMSs 5 & 6) of the second halobther homologue.

This alignment contains the first half of the piw@atcobalamin transport protein CbiM of
Geobacter lovieyi SZ (gi#189426704; Glo) and the second half of theajng cobalamin
transport protein CbiM of Chlorobium limicola DSM2 (gi#189346579; Cli).

Comparison score = 11.0 SD; % identity = 34.3; Wilsirity = 44.3; # gaps = 3; # PSI-
BLAST iterations = 1.

Figure 4B: Binary alignments of suspected intragenic duplicationsin S subunits
(CbiM homologues). See figure 4A for format of presentation. For tiedative
locations of TMSs, refer to the AveHAS plots inurg 3B.
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Blo 122 KWNIGTTILSGALAGVGOWAYYWATNPGAKNGLRVTWYLVG SITSGWI'A 170

Lde 57 GULWNAAPLAM 67
| .
Blo 171 GWVWLSRALAV 183

Alignment of a portion of the first half (putatiiEMSs 1 & 2) of a YKoE homologue with a
portion (putative TMSs 4 & 5) of the second halobther homologue.

This alignment contains the first half of the hypettcal protein Ldb0513 of Lactobacillus
delbrueckii subsp. bulgaricus ATCC 11842 (gi#10&3& Lde) and the second half of the
hypothetical protein BL1071 of Bifidobacterium lamg NCC2705 (gi#23465640; Blo).
Comparison score = 9.5 SD; % identity = 30.0; %ilginty = 43.3; # gaps = 2; # PSI-BLAST
iterations = 1.

Figure 4C: Binary alignments of suspected intragenic duplicationsin S subunits
(YkoE homologues). See figure 4A for format of presentation. For tiebative
locations of TMSs, refer to the AveHAS plots inuig 3C.
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: IR
Aca 147 “YEDAPNLRLLI\/GAVSTQDT 195

Bja 61 QSSTATALI TSSFTAEGLVSLAAALAI MLGANVGTTL 97
o O i e
Aca 196 “I\/SLAA 233

Alignment of a portion of the first half of a YjbBomologue (putative TMSs 1-3) with a
portion of a corresponding second half (putativeSaVs-7).

The first half of the hypothetical protein bll4444 Bradyrhizobium japonicum USDA 110
(gi#27379555; Bja) and the second half of the [peatNa+/phosphate symporter of
Azorhizobium caulinodans ORS 571 (gi#158423914;)Aca

Comparison score = 14.6 SD; % identity = 37.2, Pilarity = 44.2; # gaps = 1; # PSI-BLAST
iterations = 1. The TMSs for Aca were predictedwtite TMHMM algorithm.

Figure 5. Binary alignment of the N-terminal and C-terminal halves of YjbB
homologues. See figure 4A for format of presentation. For tie&tive location of
TMSs, refer to the AveHAS plots in Figure 2C.
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I : : .
ChiQ 92 WI\MQTLVWI Q 141

ChiM 94 TGSCSHPTGTGLGVVLFGPSVMI'VLGSLVLLFQAVLLAHGGLTTLGANVF 143

|| : [
ChiQ 142 LKRCHAPRLL_AAI HQAQSLRFGYI . SLF- 190

CbiM 144 SVAIV 148
Chi Q 191 h 195

CbiM (S subunit; gi#209528164) vs CbiQ (T subugit123442928).
Comparison score = 11.9 SD; % identity = 26.5; Wilgirity = 37.3; # gaps = 2; # PSI-
BLAST iterations = 1. The TMSs for CbiQ were praditwith the PredictProtein program.

Figure 6A: Binary alignments of Sand T subunits (CbiM/CbiO). See figure 2A for
format of presentation. For the relative locatiohd MSs, refer to the AveHAS plots
in figure 7A.

Ni kM 91 WSWMELMOGVLFADCEHTANCYNITDVAINIVANSYAL FRGLVKVLPRRR 140
NikQ 34 {/TLLFI L/SN'\/'LLPMFA'LK'R 77
Ni kM 141 SSI TAASEVAANISVPGAAVAENENMNENGET TDI S| GKVASAM BVEVE 189
NikQ 78 MG{/\QE lGDSALI VTDAGlATRF- 126

N kM 190 CHCEAVIENANINGAVINA\RPDLVHGARGLEAPLKL 225

Ni kQ 127%||| LIAH159

NikM (S subunit; gi#256677279) vs NikQ (T subunit#156744274).
Comparison score = 9.9 SD; % identity = 33.6; %ilsirty = 37.6; # gaps = 6; # PSI-BLAST
iterations = 2. The TMSs for both proteins weredprted with the TMHMM algorithm.

Figure 6B: Binary alignmentsof Sand T subunits (NikM/NikO). See figure 2A for
format of presentation. For the relative locatiohd MSs, refer to the AveHAS plots
in figure 7B.
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TMS comparison of the two TM subunits of cobaltsporters. The plot on the left is CbiM
(S subunit), and the one on the right is CbiQ (Busit). The comparison score for this
alignmentis 11.9 SD.

Figure 7A: AveHAS plots for alignment of S (left) and T (right) subunits
(CbiM/CbiQ). Comparison of the two subunits of a type-I ECdporter (top:
average hydropathy is indicated with a dark lind amphipathicity with a light line;
bottom: similarity is indicated with a dashed lindhe plots were generated with a
modified AveHAS program (Zhai & Saier, 2001; Yenakt 2009). The vertical bars
at the bottom indicate the positions of the premicTMSs as estimated using the
TMHMM program (Krogh et al., 2001). Horizontal baas the bottom indicate the
regions that contain the best alignments as detearidy the GAP alignment program.
Conserved TMSs are numbered above the hydrophpletdiks. See figure 6A for
the alignment.
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Figure 8: Venn diagram of the organismal distributions of gene clusters of the
BioY and ThiW transporter components. S, T and A denote substrate recognition,
ATPase-transducing, and ATPase subunits, respéctiv@ microbial genomes used
for the diagram were chosen from species repretbentaf archaea and bacteria. Refer
to table 3A for the accession numbers of the pnsteised and table 3B for details of

cluster analysis.
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Figure 9: Phylogenetic trees for the three components of type-l ECF transporter

homologues. Branch lengths estimate the average sequencegdivex for all

homologues of a given transporter family that haveedicated energizing module.
The number next to each node corresponds to thestbao value and indicates the
probability of the shown branching pattern. Brasketdicate clusters that appear
through all three transporter components. S indg#te substrate recognition subunit,
T the ATPase anchoring subunit, and A the ATPaseneStransporters possess a
fusion of the two heterologous ATPases, and fosdl®ystems both were included in
the analysis. The homologues were collected froemSEED database (http://seed-

viewer.theseed.org/).
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Figure 10A: Phylogenetic trees for the A subunit homolgoues of type-ll ECF
transporters. Each branch represents a type-1l ECF energizingpoment from a
particular organism. Inner brackets and their gpoading numbers in boxes indicate
clusters with similar evolutionary relationshipsween the ATPase (A subunit) and
ATPase-transducing (T subunit) components of thergnng modules. For the
ATPase tree, two paralogues are encoded in eachorgpevith the upstream
paralogues indicated by the number 1 and the doearst paralogues by the number 2
following the organismal abbreviation. Apostropheslicate clusters that are
associated with the downstream ATPase paraloguess&quences of the energizing
components were obtained from the SEED databage/(ted-viewer.theseed.org/).
Refer to table 5 for the accession numbers of theems used.
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Figure 10B: Phylogenetic trees for the T subunit homolgoues of type-ll ECF
transporters. See figure 10A for figure description.
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Figure 11: Superfamily treesfor the S subunit homologues belonging to type-1/11
ECF transporters as well as the membrane constituents of representative ABC2
members. The sequences were obtained from the TCDB datalsasetable 6 for the
accession numbers), and their TC#s are indicaiefer to the text for figure
description.
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Figure 12: Growth analysis of thiamine synthesis/transport-null strains of E. coli
expressing various transporter constituents of ThiWw from Mycobacterium
smegmatis str. MC2 155. In the sidebar, SK refers to a single knockbutoli mutant
unable to synthesize thiamimle novo, and DK indicates a double knockout mutant
incapable of both thiamine synthesis and uptakens@oients expressed include: (1)
the S subunit alone (S), (2) the complete systeA(D), (3) the SAA’ protein, and
(4) the T subunit. Data are collected from two itoisdependent experiments, and 5
nanomolar thiamine was used in the growth medidhdéninset, the native transport
complex of the thiamine transporter frdvtycobacterium smegmatis str. MC2 155 is
proposed.
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Figure 13: Proposed pathway of ECF and ABC2 evolution. Arrows indicate the
proposed direction of evolution. Instead of indiwl subunits, transmembrane
segments are shown for the progenitor of the STasabunits of the ECF transporters
before the two subunits diverged.
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Average Average
Phylum (Class) riboswitch | riboswitch
#/genome | #/Mbps
Firmicutes 4 Y
Actinobacteria 2.8
Cyanobacteria 6.1 1.4
Proteobacteria (delta) 7.6 2.2
Proteobacteria (alpha 2.6
Proteobacteria (beta) 2.0
"| Proteobacteria (gamm 6 3.5
pr— Chlorobi 6.6 2.5
- Bacteroidetes 1.5
Deinococcus-Thermu
Chloroflexi s 3.5
Thermotogae 7.9 4.0

Figure 14: Total riboswitch distribution imposed on the phylogenetic tree of the
major microbial phyla. The cells in the table are shaded to correspondhé
abundance of riboswitches. The darker the shadimgmore abundant the riboswitch
as indicated by the boxed numbers. The phylogetreticis adapted from Madigan et
al., 2003.
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Actinobacteria (200)

S Cyanobacteria (85)
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Alpha-proteo (407)
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Chlorobi (73)

Bacteroidetes (84)
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Figure 15: Proportion of riboswitches with different metabolic roles within
individual phylum. Each sector in the bar graph, from left to rigapresents a group
of riboswitches with specificity for coenzymes, amiacids, ribosomal subunits,
nucleotide derivatives, ions/sugar, and putatilkeswitches, respectively. Numbers in
parentheses following the phylum label indicatdaltaumber of riboswitches found
for that phylum. Refer to tables 14 for the totahtber of sites for each phylum as
well as their percentage against total sites. Thdogenetic tree is the same as from
figure 14.
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Figure 16: Phylogenetic tree of homologous MgtA proteinsin Enterobacteriales.
Each node represents an MgtA homologue. Homologisa * +R’ following the
locus tag are regulated by a Mg_sensor riboswiment.
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Figure 17: Phylogenetic tree of homologous MetX proteins in Rhizobiales. Each
node represents a MetX homologue. Homologues witk-R’ following the locus tag

are regulated by a SAM-alpha riboswitch element.
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Figure 18: Phylogenetic tree of homologous SpeF proteins in Rhizobiales. Each
node represents a SpeF homologue. Homologues withRa following the locus tag

are regulated by a speF riboswitch element.
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Figure 19: Phylogenetic tree of homologous YbhL proteins in Rhizobiales. Each
node represents a YbhL homologue. Homologues withR’ following the locus tag

are regulated by a ybhL riboswitch element.
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Figure 20: Phylogenetic tree of orthologous MetX proteins regulated by
functionally equivalent SAM riboswitches. Each node represents a MetX
homologue regulated by a single riboswitch. The Romumeral following the first
underscore indicates the identity of the riboswitggulator (I=SAM, ll=alpha,
IV=IV), and the taxonomic identifier follows the @®d underscore. Different
riboswitch classes are shaded differently. Theswitches represented are SAM,

SAM-alpha, and SAM-IV.
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Figure 21: Phylogenetic tree of orthologous MetY proteins regulated by
functionally equivalent SAM riboswitches. Each node represents a MetY orthologue
regulated by a single riboswitch. Refer to figuré for format of presentation.
Paralogues are indicated by a number immediatdlgwiing the 3-letter organismal
abbreviation. Homologues framed by red boxes indipmssible cases of horizontal

gene transfer. Refer to text for detail.
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Figure 22: Phylogenetic tree of orthologous YkkC proteins regulated by
functionally equivalent riboswitches. Each node represents a YkkC orthologue
regulated by a single riboswitch. Refer to figuré for format of presentation.
Homologues framed by red boxes indicate possitdescaf horizontal gene transfer.
The riboswitches represented gk&C-yxkD and miniykkC.
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